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ABSTRACT 
Nitrate leaching from Midwestern agricultural fields is an important environmental 
issue, as this nitrate can enter streams and cause local drinking water issues as well as 
increase the size of the annual benthic hypoxic zone in the Gulf of Mexico. Tile drainage has 
been linked to the majority of the nitrate loading to the Gulf of Mexico. There are many 
edge-of-field practices that can help reduce the amount of nitrate exported from a field. This 
dissertation primarily focuses on riparian buffers as an edge-of-field practice to remove 
nitrate, both from tile water with saturated riparian buffers (SRBs) and from groundwater 
with traditional riparian buffers. The first study aimed at determining the mechanism for 
nitrate removal in SRBs. Soil cores were obtained from three SRBs, and the acetylene 
inhibition method was used to determine in situ denitrification rates. Average cumulative 
denitrification accounted for between 3.7 and 77.3% of the total nitrate removed via SRBs. 
These rates appeared to vary by SRB depending on the time since vegetation establishment. 
The second study looked at potential substrate limitations for denitrification in SRBs. A 
denitrification potential experiment, where nitrate and carbon were added both separately and 
together, was used to determine limitations. The SRB planted the same year as it was 
saturated, BC-2, appeared to have a carbon limitation, potentially due to lack of perennial 
vegetation root turnover. All three SRBs varied in maximum denitrification potential rates, 
determined by adding both nitrate and carbon, especially at greater temperature incubations. 
The buffers with the longest established vegetation had larger maximum denitrification 
potential rates, thus indicating that a soil property, hypothesized to be increased soil 
aggregation, seems to be responsible for elevated denitrification rates. The third study used a 
21 year sampling well data set from three riparian buffers to determine how nitrate removal 
xii 
changes over time. Two buffers, RS and ST, both former cropland sites, saw enhanced nitrate 
removal rates after 6 to 10 years of perennial vegetation establishment. RN did not see 
enhanced nitrate removal rates over time, but rather had elevated rates throughout the study, 
potentially due to having been managed as pastureland since at least 1981. Overall, riparian 
buffers, both traditional and saturated, appear to show great promise for nitrate removal, 
especially with established vegetation. 
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CHAPTER 1.    GENERAL INTRODUCTION 
Conventional agriculture, specifically corn and soybean row crops, in the Midwestern 
United States’ Corn Belt is one of the most highly productive cropping systems in the world. 
There are roughly 36.4 million hectares that extend from the Dakotas to Ohio designated to 
grow corn, with a third of the total corn yield coming from two states in particular: Iowa and 
Illinois (USDA ERS, 2018). Since the 1920s, the number of hectares planted in corn have 
declined, but the overall corn yield has increased. Increased yield over time is primarily the 
result of improvements in farming technology, synthetic fertilizer, and management. At the 
start of the 1940s, one of the most important improvements to row crop agriculture was the 
invention of the Haber-Bosch process for making ammonia fertilizer. This technology lead to 
the boom of modern agriculture (Vitousek et al., 2009). Another technology and management 
improvement to agriculture in the Midwest was the installation of tile drainage. The majority 
of the highest producing corn regions in Iowa and Illinois were once wet prairies that were 
too inundated by water to grow row crops. The introduction of tile drainage through the 
support by both federal and local government in the early 1900’s led to the creation of 
drainage districts and the ability to drain these wet prairies (U of I Extension, 2018). Early 
tile was made of clay, and was put in by hand. Today the tile is made out of corrugated 
plastic, and a field can be tiled in one day with the help of machinery. Not only did the 
combination of drainage tile and ammonia fertilizer increase corn yield, it also created a 
leaky ecosystem in which nitrogen can be readily leached from the soil.  
 Once ammonia fertilizer is applied to a field, it can be converted to nitrate via 
microbial nitrification. This is especially observed when fertilizer is applied before crop 
emergence and their need for nitrogen. Nitrate is a negatively charged ion, and can readily 
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leach through the soil profile.  In the tile drained region of the Midwest, this leachate 
ultimately enters the subterranean tiles and is exported to adjacent water bodies where it can 
cause local stream eutrophication as well as drinking water issues with nitrate concentrations 
in excess of 10 mg N L-1 (US EPA, 2017). Eventually, this nitrate-rich drainage water 
reaches the Gulf of Mexico, where it causes the annual benthic hypoxic zone (Van Meter et 
al., 2018). David et al. (2010) showed a correlation between high nitrate export and the 
counties with higher tile drainage and agricultural densities in the Mississippi River Basin. 
Further, if a tile drained field and a non-drained field received the same nitrogen input, the 
drained field will have a significantly higher nitrogen loss to surface waters via leaching 
(McIsaac and Hu, 2004). David et al. (2010) also estimated that 52% of the nitrate that 
reaches the Gulf of Mexico is derived from corn and soybean production by using the 
SPARROW model. Wet years in tile drained regions exacerbate the problem and often times 
lead to larger nitrate leaching years (Royer et al., 2006). Most of the nitrate lost during a 
typical year occurs from mid-January through June.  Management of fertilizer will do very 
little to reduce this loss of nitrate from conventional agriculture (Gardner and Drinkwater, 
2009). Before 1995, nitrogen application into corn production used to be much greater than 
what was utilized through crop nutrient removal (US EPA, 2007). Currently this nitrogen 
budget is more balanced with today’s management practices. By adding cover crops and 
extending crop rotations, farmers can reduce nitrate loss by coupling the carbon and nitrogen 
cycles with continuous vegetation growing on the field to utilize soil nitrate before it leaches 
(Gardner and Drinkwater, 2009). Another way to reduce nitrate loading to adjacent 
waterbodies, especially lotic systems, is through the use of edge-of-field nitrate removal 
practices.  
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 Riparian buffers, vegetative zones immediately adjacent to lotic systems, are one such 
edge-of-field practice. These buffers are classified as either grass filter strips or multi-species 
riparian buffers (MSRBs) (Schultz et al., 1995). MSRBs are zones of vegetation, usually 
consisting of faster growing trees planted on stream’s banks, followed by slower growing 
trees, woody shrubs, and a zone of warm-season grasses progressing inland. Both grass filter 
strips and MSRBs connect perennial vegetation back to the Midwest agricultural landscape 
and diversifies vegetation on the landscape. Riparian buffer vegetation has been shown to 
increase wildlife habitat for stream breeding organisms, small mammals, and birds (Cockle 
and Richardson, 2003; Crawford and Semlitsch, 2007; Berges et al., 2010). The perennial 
vegetation can also sequester carbon (Tufekcioglu et al., 2003).  These authors measured a 
biomass accumulation of 820 and 2960 kg C ha-1 yr-1 for switchgrass and poplar respectively. 
Below ground, riparian buffer vegetation have significantly greater root densities than those 
observed under corn and soybean (Tufekcioglu et al., 1999), and these roots can enhance soil 
aggregation (Long, 2015; Márquez et al., 2017) and therefore water infiltration (Bharati et 
al., 2002). Perhaps the most commonly assessed environmental quality improvement from 
riparian buffers is the enhancement of water quality, specifically through nitrate removal. 
 Nitrate removal in riparian buffers occurs when shallow groundwater with elevated 
nitrate concentrations seeps through the buffer. This nitrate is taken up by vegetation, is 
immobilized by microbes, or is converted to either dinitrogen gas or nitrous oxide by 
microbial denitrification (Korom 1992; Lowrance et al., 1997).  Mayer et al. (2007) reported 
high nitrate removal efficiencies across a multitude of riparian buffers. Vidon and Hill (2004) 
noticed that over 90% of the nitrate was removed within the first 15 m of the buffer, though 
buffer width is positively related to nitrate removal efficiency (Mayer et al., 2007), especially 
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in soils with higher hydraulic conductivity (Vidon and Hill, 2004). There have been 
conflicting ideas about various vegetation types and their effect on nitrate removal 
efficiencies, but most studies agree that there is no significant impact (Addy et al., 1999; 
Sabater et al., 2003; Mayer et al., 2007). Further, Hubbard and Lowrance (1997) found no 
difference in nitrate removal between forested buffers with different management practices, 
including mature forest, clear cut, and selective thinning. Denitrification has been identified 
as a primary removal mechanism for riparian buffers, but studies show varying effects with 
soil carbon patches, such as buried A horizons, on denitrification rates (Addy et al., 1999). 
The authors suggested that the presence of carbon may not be enough to produce elevated 
nitrate removal through denitrification. Rather, the carbon needs to be available in a labile 
form. They also found that past land management may also play a role with nitrate removal 
efficiencies when they found large nitrate removal on a site with past manure application.  
 Additional nitrate removal studies analyzing riparian buffers took place in the Bear 
Creek watershed, the watershed of focus for this study, in central Iowa. Spear (2003) noticed 
that nitrate was being reduced in well transects in both a cool-season grass filter strip and in 
two MSRBs. The author also found redoximorphic features in the soil at the top of the water 
table. These features indicated at least a temporary absence of oxygen where the nitrate-rich 
seepage water passed through. This observation, combined with low dissolved oxygen levels, 
increased dissolved nitrous oxide, and the presence of dissolved organic carbon in the well 
transects led the author to believe that denitrification was a main pathway of nitrate removal 
in these buffers. Through further investigation, the presence of denitrifying bacteria was also 
measured within the buffers (Kai et al., 1997). Denitrification was measured on these buffers 
via a denitrifying enzyme assay (DEA) by adding nitrate and glucose both together and 
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separate under an acetylene atmosphere while comparing these results to a control (Johnson, 
2003). This study found that the surface horizon of the buffers had the greatest denitrification 
potential, regardless of treatment. This rate decreased with depth, but the region with 
redoximorphic features still had a denitrification potential rate of 40 ng-N g-1 day-1. 
Therefore, denitrification was assumed to be a major nitrate removal pathway for seepage 
water flowing through these traditional riparian buffers. While there are numerous riparian 
buffer nitrate removal studies, few studies have a long-term data set to assess nitrate removal 
trends over time. This dissertation serves to fill in these prior research limitations.  
 The primary issue with using riparian buffers as an edge-of-field nitrate mitigation 
strategy is that tile drains export the majority of nitrate from drained fields and bypass the 
system, thus rendering traditional riparian buffers useless (Schultz et al., 1995; Hill, 1996; 
Dosskey et al., 1997). Jaynes and Isenhart (2014) countered this problem by installing what 
is now called a saturated riparian buffer (SRB). The first SRB was installed in 2010 as part of 
an established MSRB. This SRB reconnected tile hydrology with the buffer by intercepting 
tile drainage water with a control box that sends the water into the buffer with a lateral 
distribution pipe laid parallel to the buffer. The nitrate-rich tile water is allowed to slowly 
seep into the riparian soil and flow through the buffer with the hydraulic head between the 
lateral and the stream. The authors observed diverted flows around 55% of the total tile flow 
over the first two years. Roughly 228 kg NO3-N was removed from this diverted flow. Since 
this original study, more SRBs were installed throughout Iowa, and removal rates were 
assessed by Jaynes and Isenhart (2018). They analyzed 6 SRBs and found removal rates of 
between 0.27 and 4.13 g-N m-1 day-1. The amount of diverted tile flow ranged from 19 to 
100% of the total tile flow, depending on temporal variation in precipitation. Nitrate removal 
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efficiencies depended on both SRB size and the size of the area draining into the SRB. The 
authors suggest that in order to maximize nitrate removal, both the drainage area and length 
of buffer should be as large as feasibly possible. 
   SRBs clearly remove nitrate, but the mechanism of removal was unknown. This 
dissertation sought to analyze denitrification as a nitrate removal mechanism in SRBs and 
also to look at long term nitrate removal in traditional buffers. The first study analyzed in situ 
denitrification down to a meter in three SRBs of varying vegetation composition and time 
since vegetation establishment in central Iowa between 2015 and 2016. This was done using 
the acetylene inhibition method. The hypothesis for this first study was that the majority of 
the nitrate removed in a SRB would be through denitrification since nitrate removal was 
measured throughout the year, even in early spring when buffer vegetation was still dormant. 
The second study built on the first and assessed potential substrate limitations of 
denitrification. This study was performed during the 2016 sampling year. A denitrification 
potential experiment was performed after each in situ denitrification incubation. The main 
hypothesis for this study was that the SRB with the youngest vegetation community, would 
be carbon limited due to lack of perennial vegetation root matter. Finally, study three 
assessed the nitrate removal rates and efficiencies of the buffers initially analyzed by Kai 
(1997), Spear (2003), and Johnson (2003). This third study analyzed a 21 year sampling well 
data set from three buffers in the Bear Creek watershed. The hypothesis was that nitrate 
removal would increase with time as the vegetation from the buffers became established. 
Ultimately, this dissertation serves to address limitations in the current knowledge of nitrate 
removal in both traditional and saturated riparian buffers.  
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CHAPTER 2.    IN SITU DENITRIFICATION IN SATURATED RIPARIAN 
BUFFERS 
Modified from a manuscript submitted to the Journal of Environmental Quality 
Tyler A. Groh1, Morgan P. Davis1, Thomas M. Isenhart1, Dan B. Jaynes2, and 
Timothy B. Parkin2 
 
Abstract 
Excess nitrate leaching from the agricultural Midwest via tile drainage water has 
contributed to both local drinking water and national Gulf of Mexico benthic hypoxia 
concerns. Both in-field and edge-of-field practices have been designed to help mitigate 
nitrate flux to surface waters. Edge-of-field practices focus on maximizing microbial 
denitrification, the conversion of nitrate to dinitrogen gas. This study assesses denitrification 
rates obtained from diverting nitrate-rich tile drainage water into riparian buffers soils, thus 
creating a saturated riparian buffer (SRB). SRBs in this study removed between 27 and 96% 
of the total diverted nitrate load. Measured cumulative average denitrification rate for each 
SRB sample year (2015 through 2016) accounted for between 3.7 and 77.3% of this total 
nitrate removed. Both the cumulative maximum and 90% confidence interval denitrification 
rates accounted for all of the nitrate removed by the SRBs in three out of the five sample 
years, indicating that denitrification can be a dominant nitrate removal mechanism in this 
edge-of-field practice. Buffer age, defined as time since establishment, correlated with higher 
denitrification rates, and there was also a trend of the soil closer to the surface accounting for 
the majority of the total denitrification rate. Finally, both nitrate and carbon could limit 
denitrification in these SRBs, though this hypothesis needs additional testing.  
                                                 
1 Iowa State University Department of Natural Resource Ecology and Management, Ames IA 50011 
2 USDA-ARS, Agroecosystems Management Unit, Ames IA 50011 
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Core Ideas: 
1. Denitrification accounts for between 3.7 and 77.3% of total NO3 removal within 
saturated riparian buffers. 
2. Denitrification within saturated riparian buffers increases with buffer age. 
3. Soil surface horizons have a higher denitrification rate than deeper horizons. 
4. A higher water table leads to greater NO3 removal through denitrification. 
5. Saturation status of a buffer does not significantly impact denitrification rates.   
Abbreviation List: 
1. SRB: Saturated Riparian Buffer 
Introduction 
Nitrogen leaching from agricultural fields in the Midwest has contributed to both 
regional and national environmental issues. The majority of the nitrogen leaching from 
agricultural fields is in the highly mobile form of nitrate (NO3), which can be quickly 
transported to surface waters through artificial subsurface (tile) drainage (David et al., 2010; 
Schilling et al., 2012). Nitrate can be a concern to Midwestern drinking water sources, and 
the United States Environmental Protection Agency has a drinking water standard of 10 mg 
NO3-N L
-1 (US EPA, 2017). This limit is often exceeded in the surface waters of the Midwest 
and therefore imposes a concern for populations that receive their drinking water from these 
sources (Manassaram et al., 2006). On a national level, elevated NO3 loads from the Midwest 
can lead to the creation of a summer benthic hypoxic zone in the Northern Gulf of Mexico 
(Rabalais et al., 1996; Turner et al., 2012; Van Meter et al., 2018).  
 Both in-field and edge-of-field practices have been designed to help reduce NO3 flux 
from tile drainage. In-field methods include the nutrient management, cover crops, living 
mulches, perennial vegetation, extended rotations, and grazed pastures (IDALS et al., 2017). 
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These practices have potential for limiting NO3 leaching from a field and provide soil 
benefits including reducing soil carbon loss, increasing infiltration rates, slowing water loss, 
and reducing soil erosion (Bullock, 1992; Dabney et al., 2001; Chalker-Scott, 2007; Schilling 
et al., 2008; Basche et al., 2016). In-field practices are sometimes difficult to implement, and 
may not be enough to obtain the 45% NO3 load reduction set forth by the Iowa Nutrient 
Reduction Strategy, and should be combined with edge-of-field practices, which include 
drainage water management, bioreactors, wetlands, and buffers (IDALS et al., 2017). Each of 
these edge-of-field practices is designed to bring NO3-rich tile water in contact with an 
organic carbon source under anaerobic conditions to maximize microbial denitrification, the 
conversion of NO3 to dinitrogen gas (Hill, 1996; Kim et al., 2009; Woli et al., 2010; Skaggs 
et al., 2012; Groh et al., 2015; David et al., 2016). Studies reporting the effects of in-field 
drainage water management on NO3 indicate that denitrification may be ineffective in 
decreasing NO3 concentrations, which is cause for each edge-of-field practice to be analyzed 
for NO3 removal and limitations (Jaynes, 2012; Helmers et al., 2012; Lavaire et al., 2017). 
 This study focused on streamside buffers (filter strips and riparian forest buffers) as 
an edge-of-field practice to reduce NO3 flux to surface waters. Such buffers have been 
reported to remove 91% of the NO3 in shallow groundwater that seeps through riparian soils 
(IDALS et al., 2017). A challenge with buffers within poorly-drained Midwestern landscapes 
is that the tile drainage allows the NO3 -rich water to bypass the buffer (Schilling et al., 
2015). Saturated riparian buffers (SRBs), were designed to address this issue by rerouting tile 
drainage water into a SRB’s organically rich soil (Jaynes and Isenhart, 2014). In SRBs, a 
control box reroutes a portion of the total tile flow through a lateral tile, which then infiltrates 
into the soil and slowly seeps to the stream via hydraulic head. Initial studies have 
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demonstrated the great potential of SRBs as a water quality improvement practice, typically 
removing between 8 and 84% of NO3 (Jaynes and Isenhart, this issue).  
Demonstrating the performance of SRBs to effectively remove NO3 was an important 
first step in understanding this practice. However, a subsequent question is by what 
mechanisms are SRBs removing the majority of the NO3? Two main NO3 removal 
mechanisms could be vegetative uptake and microbial denitrification. Factors necessary for 
microbial denitrification include NO3, organic carbon, anaerobic conditions, and microbes 
that can use NO3 as the terminal electron acceptor for respiration (Knowles, 1982). By 
infiltrating NO3 and DOC from tile water into riparian soils that are high in organic carbon, 
the substrates for denitrification are joined within potentially anaerobic conditions. Since 
denitrifying microorganisms are ubiquitous, though varying in abundance in different land 
uses, SRBs may provide conditions for high rates of denitrification (Rich and Myrold 2004). 
The overarching objective of this study was to quantify in situ denitrification within three 
SRBs in central Iowa and assess whether denitrification is a significant NO3 removal process 
within this edge-of-field practice demonstrated to remove NO3. 
Materials and Methods 
Study Sites 
This study was conducted from 2015 to 2016 within three SRBs located in Hamilton 
County in central Iowa. Two of the SRBs, BC-1 and BC-2, are within buffered portions of 
Bear Creek, a third-order stream that drains 6810 ha. The third SRB, IA-1, is located on a 
tributary to the South Skunk River. Extensive detail about each SRB is described in Jaynes 
and Isenhart (this issue). Summary information of SRB vegetation is provided in Table 2.1. 
The grass portion of BC-1 and IA-1 are currently dominated by reed canary grass (Phalaris 
arundinacea). All SRBs vary in time since establishment, dimensions, drainage area, and 
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vegetation, while all being on similar riparian soils and supplied with tile water from drained 
corn and soybean fields (Jaynes and Isenhart, this issue).  
Water Monitoring 
An AgriDrain control box in each SRB allowed for the accurate calculation of tile 
flow into each SRB. The SRBs had three chamber control boxes, and flow into the control 
box, as well as the bypass flow during high flow events, was calculated according to Jaynes 
and Isenhart, 2014 and Jaynes and Isenhart (this issue). The difference between the flow of 
water entering the box and the flow leaving the box is called diverted flow, and is the amount 
of tile water that infiltrated each SRB. The diverted flow was thought to be conserved during 
its seepage through the SRB with flow in (through the lateral tile) equaling flow out (seepage 
water making it to the stream).   
Days of Saturation 
Saturation was defined as the measured moisture content of the soil after wetting by 
diverted tile seepage water. Once tile flow stopped, each buffer was assumed to retain the last 
of the tile drainage water for a time before the water drained to the adjacent stream. For BC-1 
and IA-1, the time the buffers remained saturated was determined using soil moisture and 
temperature sensors installed at 8, 15, 30, 61, and 91 cm below the soil surface in both BC-1 
and IA-1. After the tiles stopped flowing, the moisture sensors showed a linear drop in 
moisture until a point in time when the moisture levels stabilized. This stabilization was 
assumed to be the end of the saturated water being drained out of the soil profile by gravity 
and was assumed to be field capacity. Field capacity was assumed to be the start of 
unsaturated conditions. Once tiles started flowing again and the moisture sensors measured 
elevated water content, the SRBs were defined to once again be under saturated conditions. 
The BC-2 SRB did not have moisture sensors installed, though because of the larger drainage 
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area:buffer ratio, it was saturated for most of the year via diverted tile water. Therefore, 
unsaturated times for this buffer were defined as whenever the tile stopped flowing. 
NO3 Monitoring and Removal 
Well transects in each SRB allowed for the sampling of dissolved NO3 in the seepage 
water. Each control box and well were sampled approximately weekly and around 
precipitation events to account for variation in NO3 loading and removal. These samples were 
returned to the lab and analyzed as described in Jaynes and Isenhart (2014) and Jaynes and 
Isenhart (this issue). Total NO3 load into each SRB was estimated by multiplying the NO3 
concentration of the tile water flowing into the control box by the SRB’s diverted flow, and 
the load of NO3 leaving each buffer was calculated by multiplying the average riverine well 
NO3 concentration by the diverted flow into each SRB during that time. The total NO3 load 
removal was determined by subtracting the NO3 load leaving the SRB from the NO3 load 
entering the SRB. Daily NO3 load removal was calculated using daily flow rates and linear 
interpolation of NO3 concentration between sampling events. 
Soil Core Collection 
Soil cores for in situ denitrification were randomly collected within each SRB 
approximately monthly. Four cores were taken from each vegetative zone. Four cores were 
taken from BC-2 (prairie mix) and IA-1 (reed canary grass), and eight were taken from BC-1 
(grasses—BC-1 Grass and silver maple—BC-1 Woody). Soil core dimensions were 4.2 cm 
diameter by 1 m deep. The cores were collected in a PTEG plastic soil tube liner with a 
hydraulic soil probe (Giddings Machine Co., Model GSRTSA) mounted to a tractor. Once 
extracted, the cores were capped on both ends and returned to the lab on ice. Each core was 
cut into five, 20 cm sections, and had 2 cm of soil extracted from the top and bottom portions 
of each section for gravimetric soil moisture analysis. In 2016, NO3 was extracted from the 
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oven dried soil samples with 100 mL of 2M KCl (149.1 g KCl L-1) solution for NO3. Each 
KCl NO3 extraction solution was analyzed on an Agilent spectrophotometer using second 
derivative spectroscopy (Crumpton et al., 1992). The total amount of nitrate extracted from 
each core was scaled up for each 20 cm section via oven dried soil mass and nitrate 
concentration. Each soil core section was capped on both ends and stored within a walk-in 
cooler at 4˚C before incubation (Tate, 1995). 
Denitrification Rate 
The denitrification rate within each 20 cm soil core section was measured using a 
modification of the static core-acetylene inhibition technique (Parkin, 1987; Mosier and 
Klemedtsson, 1994). Each core section was topped with a rubber stopper equipped with a 
glass vial and septa for gas addition and extraction. This rubber stopper-glass vial topper was 
secured to the top of each section with electrical tape to aid in providing an air-tight 
atmosphere. The bottom of each section was secured with a vinyl end cap and electrical tape.  
Total headspace volume in each section was measured to account for the variation in 
head- and pore space among soil sections. Our headspace method was based off Boyle’s Law 
of applying excess air to a given volume, resulting in increased pressure. First, 20 mL of air 
was injected into containers of known volume equipped with septa and a pressure transducer 
connected to a millivolt meter. The millivolt meter recorded a pressure increase with each 20 
mL air addition, done in triplicate, with the maximum reading recorded. A standard curve 
was created for the 20 mL injection, allowing for determination of unknown headspace 
volumes, done with the same process.     
Acetylene was made with calcium carbide and water in a helium flushed and 
evacuated, air tight container equipped with a septa. Acetylene gas was collected in CALI-5-
BOND™ gas sampling bags. Acetylene saturated DI water was also made since the soils 
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were saturated. DI water was placed into Wheaton media bottles and stoppered with Black 
Phenolic Wheaton caps equipped with butyl septa. These bottles were evacuated, brought up 
to atmospheric pressure with acetylene, and over pressurized using three pumps of a 60 mL 
syringe full of acetylene. The Wheaton bottle was shaken aggressively and the pressure 
change between being over pressurized with acetylene and the resulting acetylene after the 
shaking was monitored with a pressure transducer and millivolt reader. Saturation was 
assumed when the change in pressure transducer readings was minimal. 
The amount of acetylene saturated water added to each core was enough to displace 
what was calculated to be 5% of the water in the soil pore space, typically 5 mL.  The septa 
from each core section was taken off and a 25 cm metal multiport syringe was inserted down 
the center of the soil to flush acetylene through the core. The septa was then crimped back on 
to seal it for incubation. An initial 15 mL headspace nitrous oxide (N2O) gas sample was 
collected via needle and syringe. This sample was placed into an evacuated glass vial capped 
with a septa. The core section was then filled with enough acetylene gas to make up 5% of 
the total headspace calculated above. This headspace was mechanically mixed three times 
with a 60 mL syringe (Parkin et al., 1987).  
Each core section for a particular sampling day was incubated for 24 hours at the 
average soil temperature between 0 and 100 cm on the day it was sampled as determined by 
SRB temperature probes. After 24 hours, a second 15 mL N2O headspace gas sample was 
collected. For dissolved N2O, the soil in each section was transferred to a quart-sized mason 
jars of a known volume with 200 mL of DI water. Each Mason jar also had a septa glued into 
the lid. An initial N2O gas sample was taken and the jars shaken for 30 minutes. A second 
gas sample was collected after a 30 minute equilibration period. Total dissolved N2O was 
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calculated using the N2O Bunsen coefficient (Tiedje, 1982). The summation of headspace 
and dissolved N2O, after the initial N2O samples were subtracted, yielded total N2O in each 
core section after the incubation. This total amount of N2O-N denitrified was compared to the 
total amount of NO3-N extracted from each 20 cm core section to determine if there was a 
nitrate limitation.  
N2O gas samples were analyzed on a Shimadzu GC-17A gas chromatograph with a 
radioactive Nickel-63 electron capture detector. The gas chromatograph was set up to vent 
acetylene as to not flood the detector and limit N2O detection. Three rounds of triplicate 
standards were analyzed to determine a standard curve. Check standards were also placed 
throughout each sample run. 
After the soil samples were incubated, they were oven dried to obtain accurate mass 
for each 20 cm section. A portion of this sample was analyzed for total carbon for the first 
two sampling dates. These samples were sent to the Iowa State University’s Soil and Plant 
Analysis Lab, where they ran the dried samples on an elemental analyzer for total carbon and 
nitrogen.  
Field Scale Denitrification 
Incubation results were scaled up to an average denitrification rate for the entire SRB. 
This was done per core section, dividing the mg of N2O-N by the hours of incubation (24) 
and the total volume of the soil in the core. Each core section could then be added together to 
obtain a full core rate by volume. The average denitrification rate of the four cores per 
vegetation type was then scaled up to the full SRB using the surface area of each vegetative 
section and one m soil depth. Denitrification rate was also calculated as mass of N removed 
per kg of dry soil, which was used for the comparison of total NO3-N extracted per total 
amount of N removed for core section.  
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Statistics 
Statistics were performed in R v. 3.0.2 (R Core Team). Denitrification rates were non 
normal using the Shapiro-Wilk test, and therefore medians of the data were compared using 
the Kruskal-Wallis procedure with a Nemenyi test for posthoc analysis.  As denitrification 
rates for each SRB within each sampling date passed the Shapiro-Wilk test for normality, a 
90% confidence interval was calculated around the mean daily denitrification rate. 
Results and Discussion 
SRB Hydrology 
The 2016 sampling year (March 18th through December 31st) was drier than 2015 
(May 21st through December 31st). For both BC-1 and IA-1 there were a greater number of 
days in the 2016 sampling year (from first soil core until the end of the year), but fewer 
saturation days due to lower precipitation and tile flow (Table 2.1). Cumulative diverted flow 
for BC-1 for 2015 was 10,339 m3 and 5,878 m3 for 2016. These flow rates are in comparison 
to BC-2’s flow of 51,396 m3 for 2016 and IA-1’s flow of 11,454 m3 for 2015 and 8,114 m3 
for 2016. The diverted flow rates for BC-1 and IA-1 are very similar in the wetter year of 
2015, possibly due to the infiltration limitation of SRBs. The difference between BC-1 and 
IA-1 diverted flows did increase in 2016, possibly due to the drier buffers being able to 
infiltrate a greater amount of water after being dry for an extended period. Since the tile 
entering IA-1 is over 100 years old and only drains wet areas of a field, the flow into IA-1 
has lower peak flows than in BC-1, which receives water from a pattern drained field. 
Therefore, less water would bypass IA-1 in a dry year. Even though 2016 was a drier year for 
the SRBs, BC-2 still had 243 days of saturation due to its larger drainage area of 40.5 ha and 
shorter length of distribution pipe, 168 m. 
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Denitrification Rates 
Visual inspection of soil core sections indicated that the top 20 cm soil section from 
each SRB’s core was not saturated with tile water. Therefore, the 0-20 cm section was not 
included in the whole core denitrification rate summation. However, the surface section did 
provide a way to compare our denitrification rates with surface soils of other riparian buffers. 
The highest denitrification rate of 986.5 mg N m-3 day-1 was observed in BC-2 (Table 2.2). 
BC-1 Grass had the lowest maximum denitrification value and the highest median 
denitrification rate, 14.1 mg N m-3 day-1. The median denitrification rates for BC-1 Grass 
were statistically greater than those for BC-1 Woody (P = 0.08) and BC-2 (P = 0.05). Median 
rates for IA-1 were between BC-1 Grass and BC-2 and were not significantly different. 
These results suggest there was a vegetation effect on surface denitrification rates, which is 
contrary to other studies (Schnabel et al., 1996; Groffman and Crawford, 2003; Mayer et al., 
2007). The greater denitrification rates under grasses could be due to the fibrous rooting 
system that turn over quicker providing annual soil carbon inputs for denitrifying 
communities (Anderson and Coleman, 1985). The NO3 from 0-20 cm most likely came from 
mineralization of organic matter (Seitzinger, 1994). One potential rate-limiting factor for 
surface denitrification is the presence of oxygen. However, if grass roots provide enough 
labile carbon to be easily decomposed and have sufficient root respiration, the oxygen 
consumed and carbon dioxide emitted, thus displacing oxygen in soil pore space, from these 
processes may be enough to create anaerobic microsites (Parkin and Robinson, 1989; 
Amundson and Davidson, 1990). The potential for increased carbon availability, 
mineralization, and decomposition could all be factors promoting denitrification from 0-20 
cm under established grass vegetation. In addition, the lowest median denitrification rate of  
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3.7 mg N m-3 day-1 within BC-2 may be due to the buffer’s young age and the lower carbon 
inputs from previous corn and soybean crops (Huggins et al., 1998; Zan et al., 2001).  
 Other studies were reviewed based on their relevance to our study to compare 
denitrification rates (Table 2.2). All studies measured riparian buffer in situ denitrification 
using the acetylene inhibition method. Denitrification rates in our study are within the ranges 
of other published denitrification rates. This indicates that our modified acetylene inhibition 
methods provided similar results to the original acetylene inhibition technique, and the soils 
we studied would be conducive for future saturated buffers. The magnitude of denitrification 
rates may not be the same for future SRBs due to variations in soil properties, but the 
findings in this study may be applicable across studies. However, since the surface soil 
denitrification did not assist in the total NO3 removal of these SRB, the subsurface SRB 
denitrification rates were investigated.  
 Subsurface, 20-100 cm, denitrification rates were not normally distributed within 
SRBs (Table 2.3). Unlike surface soils, subsurface denitrification rates for the soil under BC-
1 Grass and BC-1 Woody were not significantly different (P = 0.95) and were therefore 
combined in Table 2.3. This lack of vegetation effect may be due to the addition of tile 
drainage water to the subsurface soil, creating a more homogenous anaerobic environment 
while supplying NO3. A BC-1 subsurface core also had the largest single denitrification rate 
and median value of 9.04 mg N m-3 day-1, which was contrary to the surface soil 
denitrification trend. The differences in surface and subsurface denitrification may imply 
different denitrification control mechanisms. These observations suggest that denitrification 
should be measured throughout the soil profile in riparian buffers and not just at the surface 
of the soil.  
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 The observed range in subsurface denitrification rate at BC-2 was 0.08 to 141.80 mg 
N m-3 day-1, compared to 0.04 to 243.90 mg N m-3 day-1 at IA-1, both of which were smaller 
ranges, with significantly smaller medians, than BC-1 with a P less than 0.001 (Table 2.3). 
Even though IA-1 had a larger subsurface denitrification median than BC-2, they were not 
significantly different (P = 0.12). The observed trend in median denitrification rates from 
BC-2, to IA-1, and BC-1 does suggest that buffer age may play a role in the rate of 
subsurface denitrification. The older buffer, BC-1, had longer time for vegetation to establish 
and for roots to increase soil organic carbon and soil aggregation that has been shown in 
other studies (Corre et al., 1999; Long, 2015; Márquez et al., 2017). Increased soil 
aggregation, especially in microaggregates, can provide more anaerobic, carbon-rich 
microsites for denitrification (Seech and Beauchamp, 1988). These results are tentative since 
only three SRBs were analyzed, but the results still emphasize the value in establishing new 
SRBs on sites with already established vegetation. 
A significant reduction in denitrification rate with depth was observed at IA-1 and 
BC-2. The highest value of subsurface rates for these two buffers are between 14 and 29 
percent of their highest surface denitrification rates. In addition, a reduced median value was 
observed for all three SRBs. Statistically, BC-1 Woody (P = 0.04), IA-1 (P = 0.01), and BC-2 
(P = 0.07) all had significantly greater surface core denitrification rates compared to 
subsurface cores. This trend was not observed at BC-1 Grass (P = 0.43). This may again be 
due to SRB age and vegetation type. Grass roots in BC-1 may extend deep enough to 
facilitate conditions for enhanced denitrification. While IA-1 has grass vegetation, it may not 
have had enough time to see the benefits of the soil carbon accumulation similar to BC-1.  
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This reduction in denitrification with depth may be due to a carbon limitation, especially in 
SRB sites without the continued addition of labile carbon from grass root systems.   
The depth of the sections that make up each subsurface core does not significantly 
affect the total subsurface denitrification rate (P >9 0.21) (Table 2.4). However, there does 
seem to be a trend in which depths account for more than 50%, of the total denitrification rate 
(Fig. 2.1). Soils from 20-60 cm represent the majority of total subsurface denitrification rate 
for BC-1 21 out of 30 times, 5 out of 7 times for BC-2, and 11 out of 14 times for IA-1. This 
trend, along with the observation that the surface denitrification medians tended to be higher 
than the subsurface medians, suggests that the water table in SRBs should be elevated as high 
as possible to utilize denitrification hotspots. However, this would need to be balanced with 
the concern for potential flooding of adjacent agricultural fields and the potential negative 
effect of saturation on SRB vegetation (Jaynes and Isenhart, 2014) 
 Subsurface denitrification rate incubation temperatures were divided into five 
intervals, 0-4°C, 5-9°C, 10-14°C, 15-19°C, and 20-24°C. A temperature effect on 
denitrification was only observed in BC-1 (P = 0.07), and after post hoc analysis, only the 5-
9°C and 20-24°C ranges were significantly different from each other with P = 0.08 (Table 
2.4). No significant effect of saturation status on subsurface denitrification was observed 
when analyzed independently. However, significant temperature and saturation interactions 
were observed in both BC-1 and BC-2. For BC-1, denitrification rates were significantly 
different (P = 0.09) under unsaturated conditions at 5-9o and saturated conditions at 20-24°C. 
The 5-9°C range was the lowest unsaturated range of temperatures, and microbial 
denitrification could be limited by both substrate and cellular activity. In contrast, the 
saturated 20-24°C range provided both substrate and increased cellular activity for microbial 
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denitrification. Two significant differences were observed at BC-2. The first was between 
saturated soils incubated at 10-14°C versus 15-19°C (P = 0.09). This difference is interesting 
in that the 10-14°C median, 0.84 mg N m-3 day-1, was greater than the 15-19°C median, 0.43 
mg N m-3 day-1. The difference between these two subsurface groups, representing one day of 
sampling, could be due to spatial sampling variability. A significant difference was also 
observed at BC-2 when comparing the effect of saturation at the 15-19°C range (P = 0.06). 
Denitrification with the saturated soil from BC-2 at this temperature range was significantly 
greater, with a median of 5.62 mg N m-3 day-1, compared to 0.43 mg N m-3 day-1 for 
unsaturated soil. The assumed presence of NO3, carbon, and an anaerobic environment 
seemed to greatly increase the rate of denitrification from soil at the same temperature. 
Limited significant interactions of temperature and saturation status observed in our studies 
suggest the relationship between temperature and saturation status should be assessed in 
future SRB denitrification studies before making final conclusions.  
Cumulative Denitrification Rates 
Cumulative denitrification was calculated per SRB via linear interpolation between 
measured daily rates throughout the sampling year, except during unsaturated periods. Of the 
total amount of NO3 removed, the average denitrification makes up between 47.5 and 77.3% 
for BC-1, 3.7% for BC-2, and between 7.9 and 35.6% for IA-1 (Fig. 2.2). These data once 
again illustrated the trend that the older the SRB, the greater the total NO3 removal via 
denitrification. Due to the variability of denitrification, upper and lower limits of 
denitrification as well as a 90% confidence interval were placed around the average 
denitrification loads. The highest denitrification and the upper 90% confidence interval load 
was enough to account for all of the NO3 removed by the SRB for three out of the five  
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sampling site-years. Therefore, the majority of the NO3 removed in these three SRB 
sampling years likely occurred through denitrification.  
The lowest limit of denitrification for all SRBs is near zero. However, it is unlikely 
that the majority of the SRBs’ soils at any one time have extreme low or high denitrification 
rates. Therefore, the cumulative average denitrification rate is the best estimate for total 
denitrification. In addition, there may have been hotspots and hot moments that we did not 
sample (Parkin, 1987; McClain et al., 2003; Vidon et al., 2010). This illustrates the challenge 
in accounting for the spatial and temporal heterogeneity within alluvial soils (Iqbal et al., 
2005). However, the acetylene inhibition method allowed for the high frequency and number 
of samples we were able to collect from these buffers (Groffman et al., 2006). There have 
been few studies that have measured denitrification in sections of soil down to a meter 
roughly once per month. A detailed and accurate denitrification rate representing each SRB 
was accomplished through our detailed depth increments and frequency of sampling. The 
range of denitrification illustrated in Fig. 2.2 can be considered natural variability in SRB 
denitrification.  
Other Methods of NO3 Removal 
BC-2 had a very low estimated percent of NO3 removed via denitrification (Fig. 2.2). 
This may be due to the buffer just being established, with limited carbon and aggregation. 
BC-2 also differed in hydrology compared to the other SRBs, complicating further 
comparisons. BC-2 had a greater diverted flow entering the SRB and was considered 
unsaturated for only 29 days, a much shorter unsaturated time compared to BC-1 and IA-1. 
In addition, the amount of NO3 removed by BC-2 was only 27.0% of the total NO3 diverted, 
compared to over 84.3% for BC-1 and IA-1.  
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It remains unclear why denitrification rates in 2016 for IA-1 were much lower than in 
2015. The possibility of fewer hotspots and hot moments in a drier year could lead to a lower 
cumulative denitrification. However, results indicated that the denitrification rates in the 
saturated and unsaturated times were not statistically different from each other. In addition, 
BC-1 also experienced a drier year in 2016, but had a greater amount of NO3 removed 
through denitrification. There could be a buffer age and drier year interaction that lowered 
the total amount of denitrification possible for IA-1 in 2016, but further work is needed to 
confirm this hypothesis. In 2016, vegetation uptake may have removed more NO3 than 
denitrification. Reed canary grass on IA-1 could remove 256 kg N over the entire SRB 
according to Kline and Broersma (1983). This potential N sink should be studied in future 
SRB studies. 
In Situ Denitrification Limitations in SRBs 
Our work assumes appropriate microbial communities are ubiquitous throughout each 
SRB. The anaerobic conditions of soil did not seem to be a factor in this study either, since 
saturation status did not affect measured denitrification rates. Two variables that could limit 
denitrification in the SRBs are the amount of carbon and NO3. There was no correlation 
between total carbon or extractable NO3 and the SRB’s denitrification rates (data not shown). 
However, denitrification could still be limited by carbon, especially with the observed 
reduction in denitrification with depth. In addition, when extractable NO3 was scaled up to 
the total mass of NO3 from each 20 cm core section and compared to the denitrification rate, 
it was determined that 17 out of 196 (8.6%) BC-1 core sections and 12 out of 101 (11.9%), 
IA-1 core sections were limited by NO3. A core was considered NO3 limited when the result 
of subtracting the mass of NO3 removed through denitrification from the total extractable 
NO3 mass was zero or a negative value. Since roughly 10% of BC-1 and IA-1 core sections 
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were NO3 limited, each SRB’s cumulative total denitrification could have been limited, 
underestimated, as well. Most of the NO3 limited sections had no or very low (max 5.2x10
-4 
mg N g-1) extractable NO3. BC-2 did not have any core sections that had NO3 limitation, 
possibly due to the larger NO3 load. Further, there was no relationship between saturation 
status or depth in determining which core sections were prone to NO3 limitation. A 
denitrification potential experiment could assess any labile carbon or NO3 limitation. 
Conclusions 
Cumulative in situ denitrification for these three SRBs accounted for between 3.7 and 
77.3% of the total amount of NO3 removed. Denitrification rates were highly variable, but 
the upper limit of the 90% confidence interval indicated that the majority of the NO3 removal 
could be accounted for via denitrification. In addition, there seemed to be some limitations to 
SRB denitrification. Roughly 10% of the BC-1 and IA-1 soil core sections were NO3 limited, 
which could have underestimated the amount of nitrate removed through denitrification. In 
addition, the vegetation effect in the top 20 cm of soil, the decline of denitrification rates with 
depth, and the positive correlation of buffer age with denitrification implied a potential 
carbon limitation. A denitrification potential experiment that adds both denitrification 
substrates would assess the potential for such limitation. Further, temperature and saturation 
status alone did not seem to influence the SRB denitrification rates. However, the interaction 
between temperature and saturation status may be significant, as it was in a few 20 cm 
sections from this study. Finally, to maximize denitrification, a major NO3 removal pathway 
for SRBs, managers should raise the water table in the buffer to the greatest extent possible 
while avoiding negative impacts of saturation. 
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Tables 
Table 2.1 Saturated Riparian Buffer summary information. 
   Size (m)   Saturation Days‡ 
Buffer 
Year Buffer 
Established  
Year Buffer 
Saturated  
Width Length 
Vegetation Width† 
(m) 
Drainage 
Area (ha) 
2015 2016 
BC-1 1995 2010 21 305 
Grasses (9m) and 
Silver Maple (11m) 
5.9 169 108 
BC-2 2015 2015 22 168 
 
Pollinator Mix 
(22m) 
40.5§ N/C ¶ 243 
IA-1 2000 2013 24 308 
 
Grasses (36m) 
 
4.7 152 127 
† The vegetation established on each buffer along with the average width each vegetative zone made up.  
‡ The number of days the buffer was saturated starting after the first core sampling date (May 21st in 2015 and March 18th in 2016).  
§ This drainage area was estimated, and may be underestimated.  
¶ N/C: Not Collected. Data were not collected due to BC-2 not being established until October 2015.  
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Table 2.2 The denitrification rate ranges for the surface, 0-20 cm, soil core sections from 
each SRB vegetative zone, as well as that for the surface soil sections of relatable published 
data.   
   Denitrification Rate† 
Current 
Study 
Buffer Depth (cm) mg-N m-3 day-1 µg-N kg-1 day-1 
 BC-1 Grass 0—20 0.1—577.6 (14.1) a 0.1—1,000 (20) 
 BC-1 Woody 0—20 0—812.3 (4.9) b 0—1,700 (9) 
 BC-2 0—20 0.05—986.5 (3.7) b 0.09—1,582 (6) 
 IA-1 0—20 0—836.1 (7.3) ab 0—1,195 (10.3) 
Published 
Work 
Paper    
 Davis et al., 2008 0—15 7—187 NA 
 Schinabel et al., 1997 7.5—15 NA 0.01—735.4 
 Lowrance, 1992 0—24 NA Ave‡—5.62 
 Hefting et al., 2003 0—10 0—1133.3 NA 
 Iqbal et al., 2015 0—20 NA 295-1211 
 Gumiero et al., 2011 0—15 NA 125—730  
†The given values include the minimum and maximum denitrification rate, as well as the 
median value in parentheses. Letters after median value indicate significance with P < 0.1.  
‡ The average value of denitrification was used since the range of values was not given.   
 
 
 
Table 2.3 Range of denitrification rates from subsurface, 20-100 cm, cores from each 
saturated riparian buffer. Data here include the compilation of all core replicates from each 
sampling date. 
†Letters after median value indicate significance with P < 0.1.
 Denitrification Rate 
 mg N m-3 day-1 
Buffer High Low Average Median† 
BC-1 2465.2 0 81.9 9.04 a 
BC-2 141.8 0.08 6.8 2.01 b 
IA-1 243.9 0.04 11.2 3.60 b 
  
3
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Table 2.4 Summary statistics of temperature, saturation status, and the interaction of temperature and saturation status for the 
subsurface, 20-100 cm, cores of all three SRBs. 
 Depth  Temperature†  Saturation Status‡  Temperature x Saturation Status 
Buffer df χ2 p  df χ2 p  df χ2 p  df χ2 p 
BC-1 3 5.84 0.21  4 8.55 0.07  1 0.25 0.63  6 10.67 0.10 
BC-2 3 1.67 0.64  4 4.06 0.40  1 0.01 0.92  5 11.82 0.04 
IA-1 3 4.10 0.39  4 6.07 0.19  1 0.05 0.83  7 6.56 0.48 
† Five ranges in temperatures were compared (0-4°C, 5-9°C, 10-14°C, 15-19°C, and 20-24°C). 
‡ The saturation status of the SRB is binary. The SRB is either saturated or unsaturated. 
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Figures 
Figure 2.1 Average subsurface denitrification rate on each sampling date for all buffers (Top), and the percent of the total 
denitrification rate from each date per 20 cm section (Bottom). Each bar is divided into four sections representing each 20 cm section 
of the core. The “U” above select bars represents unsaturated times, the times when the SRB was considered not saturated with tile 
drainage water. 
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Figure 2.2 Nitrate budget and diverted flow graphs for BC-1 (left), BC-2 (middle), and IA-1 (right). These graphs show diverted tile 
flow into the buffer, annual cumulative tile nitrate load, nitrate load diverted into the saturated buffers, cumulative nitrate mass 
removed, and cumulative nitrate mass removed through denitrification. Note that the cumulative nitrate mass removed through 
denitrification started the day the first cores were collected each sample year and only include saturated days. The green shaded area 
includes the difference between the high and low denitrification rates taken at each sampling date over time. Due to the differences in 
magnitude between buffers, different y-axes scales were used for each buffer.     
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CHAPTER 3.    DENITRIFICATION POTENTIAL IN THREE SATURATED 
RIPARIAN BUFFERS 
Modified from a manuscript to be submitted to the Journal of Soil Biology and 
Biochemistry 
 
Tyler A. Groh1, Morgan P. Davis1, Thomas M. Isenhart1, Dan B. Jaynes2, and 
Timothy B. Parkin2 
 
Abstract 
Denitrification is an anaerobic process that converts nitrate to predominantly either 
nitrous oxide or dinitrogen gas while using nitrate as a terminal electron acceptor. The 
requirements for denitrification include available nitrate and organic carbon, an anaerobic 
environment, and the appropriate microbial communities. The edge-of-field nitrate removal 
practice of saturated riparian buffers (SRBs) looks to maximize soil denitrification by 
saturating carbon-rich alluvial soils with nitrate-rich tile water. Our initial in situ 
denitrification study showed the possibility of a carbon limitation for BC-2, the youngest of 
our study’s SRBs.  The current study looked to test this hypothesis using a denitrification 
potential experimental design by adding nitrate and carbon both individually and combined 
to portions of soil cores. BC-2 did seem to have a carbon limitation from 20 to 100 cm when 
assessing the nitrate and carbon separate additions against both the control and the combined 
nitrate and carbon maximum denitrification potential rate. Temperature also seemed to affect 
each SRB’s maximum denitrification potential, but to varying degrees. The highest 
subsurface maximum denitrification potential rate, achieved by adding both nitrate and 
carbon, at each temperature was achieved by BC-1, the oldest SRB with the highest in situ 
denitrification rates. Conversely, BC-2, the youngest SRB, had the lowest rate. Thus 
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indicating a potential riparian age effect on denitrification beyond elevated increased labile 
carbon additions, hypothesized to be an increased soil aggregation effect on denitrification 
communities. Finally, we propose a potential biogeochemical ground truthing method for 
determining if a riparian area will have success in removing nitrate from tile drainage water 
via microbial denitrification.  
Highlights 
 The youngest SRB’s denitrification potential rate was limited by carbon in the 
subsoil. 
 Denitrification potential increased with increasing temperature to varying maximum 
rates depending on the SRB’s time since establishment. 
 Increased soil development (aggregation) may positively affect the SRB’s 
denitrification rate by positively influencing microbial denitrification gene 
expression. 
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Introduction 
Microbial denitrification is an anaerobic process wherein microbes utilize nitrate as a 
terminal electron acceptor and converts nitrate to predominantly either nitrous oxide or 
dinitrogen gas. The majority of microbes that perform denitrification are facultative aerobes 
and can use either oxygen or nitrate when oxygen levels are low enough as a terminal 
electron acceptor as they oxidize organic carbon to carbon dioxide (Cho, 1982; Holman and 
Wareham, 2005; Tiedje 1988). These microbes tend to be ubiquitous in soil, especially in the 
upper surface soil horizons (Rich and Myrold, 2004). The transition from aerobic respiration 
to denitrification can occur relatively quickly, and both can occur within the same the soil 
matrix within suitable microsites (Sexstone et al., 1985; Seech and Beauchamp, 1988; 
Højberg et al., 1994). 
Resources needed for microbial denitrification include anaerobic conditions, nitrate, 
and a labile carbon source. Denitrification can also be impacted by soil factors such as pH 
and temperature, with reported Q10 values typically decreasing with increasing temperature 
of the system (Stanford et al., 1975; Schipper et al., 2014). Higher temperatures, those above 
temperature optimum, have been shown to lower denitrification due to the denaturing of 
enzymes or reduced substrate. While a lower pH has been shown to affect the ratio of 
N2O:N2 produced (Šlmek and Cooper 2002), no relationship between pH and denitrification 
has been shown.  
Land managers and researchers have been looking for ways to promote denitrification 
across the Midwestern Corn Belt in response to increased nitrate loss from fields via tile 
drainage. Tile drains are perforated plastic tubes laid roughly half to one meter below the soil 
surface to drain excess water from an agricultural field directly to drainage ditches and 
streams. This excess water also has high concentrations of nitrate, which can be transported 
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directly to surface waters if not treated. In response to concerns with this non-point source N 
flux to surface waters, edge-of-field nutrient export reduction strategies are being installed 
across the Midwest to promote denitrification and remove nitrate from tile drainage water. 
These practices include wetlands, woodchip bioreactors, and saturated riparian buffers 
(SRBs) (Xue et al., 1999; Schipper et al., 2010; Groh et al., 2018). Our research focuses on 
SRBs, a practice that diverts tile drainage water flowing from a farm field via a control box 
and a perforated tile lateral (Jaynes and Isenhart, 2014). The diverted tile water is allowed to 
slowly seep through alluvial soil, rich in organic matter, to the adjacent surface water body 
via hydraulic head. The diverted water displaces oxygen in the soil pores by increasing soil 
water content and creates anaerobic conditions (Heinen, 2006). Under these conditions, SRBs 
could be denitrification hotspots since tile water has a high concentration of nitrate and the 
alluvial soils have a high concentration of reduced carbon (USDA NRCS, 2016).  
Groh et al. (2018) assessed in situ denitrification within SRBs via the acetylene 
inhibition method. That study assessed three SRBs in central Iowa consisting of differing 
vegetation and age. Average subsurface denitrification was found to account for between 4 
and 77% of the total nitrate removed within the SRB. Rates of denitrification were lowest in 
the SRB with newly established vegetation, and tended to decline with depth for all SRBs. 
We hypothesized that despite carbon-rich soils in this young SRB, carbon limited 
denitrification. Further, it was hypothesized that the two SRBs with established vegetation 
had sufficient annual root turn over to provide labile soil carbon (Corre et al., 1999; Guo and 
Gifford, 2002).  
This study utilized denitrification potential experiments, adding both nitrate and 
glucose to soil cores under an acetylene atmosphere, to assess the role of carbon and/or 
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nitrate on denitrification within three SRBs of different vegetation types and age since 
establishment. It was hypothesized that carbon limitation of denitrification will be greatest 
within SRBs with newly established vegetation.           
Methods 
Study Sites 
This study was conducted within three Saturated Riparian Buffers (SRBs) located in 
Hamilton County in central Iowa. Two of the SRBs, BC-1 and BC-2, are within buffered 
portions of Bear Creek, a third-order stream that drains 6810 ha. The BC-1 buffer was 
established in 1995 and is on a Coland clay loam (Fine-loamy, mixed, superactive, mesic 
Cumulic Endoaquoll). This buffer was planted according to Schultz et al. (1995) with zones 
of grass, shrub, and trees. The buffer at BC-1 consists of a 9 m width of grasses extending 
from the field edge, and an 11 m wide zone of silver maple trees (Acer saccharinum L.) 
planted between the grass portion of the buffer and the stream.  Additional details for this 
SRB can be found in Jaynes and Isenhart (2014). BC-2, located just upstream of BC-1, was 
planted in 2015 with a diverse mixture of native prairie grasses and forbs and is on a 
Spillville-Coland complex soil. The Spillville soil is described as a fine-loamy, mixed, 
superactive, mesic Cumulic Hapludoll. The third SRB, IA-1, is located on a tributary to the 
South Skunk River. This buffer, established in 2000, is 36 m wide and is planted in grasses, 
which has transitioned into mostly a monoculture of reed canary grass (Phalaris arundinacea 
L.). The soil at IA-1 is a Coland-Terril complex. Terril is similar to the Spillville and is 
described as a fine-loamy, mixed, superactive, mesic, Cumulic Hapludoll.  
Adjacent land use to all three SRBs consists of corn (Zea mays L.) and soybean 
(Glycine max (L.) Merr.) row crop production drained with artificial subsurface drainage 
(tile). Tile drainage is intercepted within the buffer via a control box (AgriDrain Corp) that 
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diverts water into a lateral tile. This lateral tile runs parallel to the stream and field edge, and 
allows tile water to slowly seep through the SRBs’ soil towards the adjacent stream. 
Drainage area and distribution tile lengths for each SRB vary. BC-1 drains 5.9 ha (305 m 
distribution), BC-2 drains approximately 40.5 ha (168 m distribution), and IA-1 drains 4.7 ha 
(308 m distribution). Flows are controlled and monitored as described in Jaynes and Isenhart 
(2014) and Jaynes and Isenhart (2018). Each SRB has a series of groundwater well transects 
equally spaced between the lateral and the adjacent stream. These wells are approximately 
2.3 m deep and fully screened, allowing for groundwater level monitoring with pressure 
transducers and data loggers (Global Water Instrumentation Sales). BC-1 and IA-1 has 
temperature probes placed at 8, 15, 30, 61, and 91 cm below the soil surface.  
After the initial in situ denitrification study done in Groh et al. (2018) with these 
SRBs, it was hypothesized that 10% of the core sections from BC-1 and IA-1 were nitrate 
limited. In addition, the lower denitrification rates from BC-2, a buffer with newly 
established vegetation, led to the hypothesis that this buffer may be carbon limited without 
substantial annual root turnover that occurs in both BC-1 and IA-1 established perennial 
systems. We therefore designed this experiment to test nitrate and carbon limitations in soil 
cores collected in 2016 from all three SRBs. This experiment uses the acetylene inhibition 
method basics from Parkin (1987) and Mosier and Klemedtsson (1994) to construct a 
Denitrifier Enzyme Activity (DEA) experiment where nitrate and carbon were added 
together and separately and compared to a control to test nitrate and/or carbon limitations.  
Soil Cores 
Soils used in this study were initially collected for an in situ denitrification rate 
experiment of intact soil as described in Groh et al. (2018). Four soil cores 0-100 cm were 
collected within each vegetation zone seven times, approximately monthly when soils 
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thawed, in 2016. Therefore, eight cores were collected from BC-1 (four from the grasses and 
four each from the silver maple and woody section), four from BC-2, and four from IA-1 on 
each sampling date. These cores were extracted with a tractor equipped with a hydraulic soil 
probe (Giddings Machine Co., Model GSRTSA). The soil probe had a metal tube with a 
PTEG plastic soil tube liner. After the soil collection, the tube liner was capped on each end 
and transported back to the lab on ice. After initial soil processing for the in situ 
denitrification experiment, soil samples from 20 cm sub-sections were stored in a walk-in 
cooler at 4˚C within quart mason jars with an addition 200 mL DI water.   
Denitrification Potential Preparation 
Soil slurry separation 
Each 20 cm soil section was shaken for 30 minutes in 200 mL of DI water. It was 
assumed that this resulted in a homogenous slurry that could be separated into four sub-
samples for this experiment within pint-sized mason jars. The soil slurry included both an 
aqueous and solid phase. The aqueous and solid phase were split equally into four parts. Each 
fourth was placed into its own pint-sized mason jar. Mason jars were then capped with a lid 
equipped with a septa for easy gas transfer, and placed again into the walk-in cooler set at 
4˚C until further analysis. Samples were processed in a timely manner to avoid changes in 
soil biogeochemistry. Headspace within each sealed jar was estimated by recording the 
change in pressure with the addition of 20 mL of air.  A standard curve was established by 
recording the change in pressure (mV) within similar sealed jars following the sequential 
addition of 50 ml of DI water.  Volumes within sample jars were adjusted following the 
addition of known volumes of amendments described below. 
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Amendment preparation 
The four aliquots for each 20 cm soil section were randomly assigned as a control or 
to receive a nitrate, carbon, or nitrate plus carbon amendment. Control jars received an 
amendment of 50 mL of DI water. Nitrate amended jars received 250 mg NO3-N dissolved in 
50 mL DI water per jar in the form of KNO3. This NO3-N mass was five times the amount 
removed from the largest in situ denitrification rate measured during the 2015 sampling 
season (Groh et al 2018). The objective was to ensure that the denitrification rate would not 
be substrate limited. The final solution concentration per jar was 5,000 mg NO3-N L
-1 (80.6 
mM). For the carbon amendment, a 50 mL DI solution of dextrose with a final concentration 
of 416 mg C6H12O6-C L
-1 was added to each jar. Aliquots assigned to the nitrate plus carbon 
treatment received a 50 ml DI solution containing both the amendments described above. 
Each solution was made immediately before the use in the incubation to prevent degradation.  
Acetylene Inhibition Denitrification Potential Experiment 
The basis for this denitrification potential acetylene inhibition method were taken 
from the static core technique from Parkin (1987) and Mosier and Klemedtsson (1994). The 
main difference involved using a soil that was shaken and therefore a slurry rather than an 
intact core. The acetylene used in this experiment was made by combining DI water and 
calcium carbide in an oxygen free, sealed container, similar to Groh et al. (2018), to avoid 
organic contaminants. Acetylene saturated DI water was also made in Wheaton media bottles 
that had Black Phenolic caps with butyl septa. Five mL of this acetylene saturated DI water 
was added to each incubation jar, and the lid sealed. An initial 15 mL gas sample was 
collected from the headspace and was stored in an evacuated glass vial equipped with a grey 
butyl septa. Acetylene gas was then added to the jars to account for roughly 5% of the 
headspace volume, typically 25 mL. An anaerobic headspace was not used since we wanted 
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to simulate in-field conditions of SRBs, where saturated tile water is added to soil under 
normal, mostly aerobic, conditions. The jars were then placed in an incubator at the same 
average soil temperature from the time they were extracted (4-23°C), determined with 
temperature sensors placed at 8, 15, 30, 61, and 91 cm below the soil surface at both BC-1 
and IA-1. After 24 hours the jars were removed from the incubator, shaken for 30 minutes to 
equilibrate the nitrous oxide concentration between the gaseous and aqueous phases, and a 
second 15 mL sample collected and placed in an evacuated glass vial with a capped septa. 
The soil was dried to obtain an oven-dried weight.  
Nitrous Oxide Analysis 
Nitrous oxide samples were analyzed with a radioactive Nickel-63 electron capture 
detector on a Shimadzu GC-17A gas chromatograph. As the sample was pumped through the 
column, acetylene was flushed out via time regulated air flush valves. This was done to avoid 
limiting N2O detection by flooding the detector. Standards and check standards were run in 
triplicate in order to construct a standard curve for determining the unknown N2O gas 
concentrations from each incubation jar. Measured mason jar headspace volumes were used 
to determine the total mass of N2O in each jar. The second sample collected was adjusted 
using the Bunsen coefficient of N2O. Since the acetylene inhibition method stops the 
denitrification process at N2O, the total mass of nitrate removed from the soil by 
denitrification was calculated by subtracting the amount of N2O in the initial sample from the 
amount of N2O from the second sample. Total mass produced was converted to a rate per 
time and weight of soil by dividing the mass by 24 hours and the total dried soil mass for the 
respective sample.  
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Statistics 
Statistical was conducted in R v. 3.0.2 (R Core Team). Comparisons drawn in this 
study were conducted through an ANOVA and a Tukey’s HSD post hoc test. The alpha used 
for statistical significance was 0.10 unless otherwise stated.  
Results 
Influence of Nitrate or Carbon 
The data shown in this study were assumed to be normally distributed due to only one 
year of sample collection and the low number of samples from each population (n < 30). To 
assess the influence of nitrate or carbon addition, denitrification potentials were compared to 
the control denitrification rate. The average denitrification potential rates for 2016 are shown 
in Fig. 3.1, with each SRB represented in individual graphs. Results from the nitrate plus 
carbon treatment were not included in this figure since they were much larger than the other 
amendments separately and would affect the statistical analysis. To compare the effects of 
vegetation, the grass and woody sections of BC-1 were analyzed separately. The control 
denitrification rates under all vegetation types decreased with depth for all SRBs. 
Denitrification potential rates in the deepest section from 80 to 100 cm ranged from 1 to 7% 
of the rate from the top soil from 0-20 cm. The only exception to this was with the 80 to 100 
cm section for BC-2, which saw an increase in denitrification. Nitrate additions increased 
denitrification potential above the control for all depths in all SRBs, though not all increases 
were significant. BC-1 Grass had a significant increase with nitrate addition from 0 to 20 cm 
and 60 to 80 cm, while BC-1 Woody had a significant increase from 0 to 20 cm and 80 to 
100 cm, BC-2 from 0 to 20 cm, and IA-1 from 0 to 20 cm, 20 to 40 cm and 40 to 60 cm. 
Therefore, the most common increase in denitrification potential with nitrate addition was 
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with the surface section of each core. In addition, denitrification potential did not uniformly 
decrease with depth with the nitrate addition in the same way as the control.  
Similar to the nitrate addition, an increase in denitrification potential was observed 
for the carbon addition treatment for all buffers and all depths (Fig. 3.1). BC-1 Grass 
exhibited a significant increase above control with carbon addition from 20 to 40 cm and 40 
to 60 cm, and BC-2 from 20 to 40 cm, 40 to 60 cm, and 60 to 80 cm. While all of BC-1 
Woody and IA-1 carbon additions increased the denitrification potential above the control 
rate, none of these results were statistically significant.  
Combined Nitrate and Carbon Effect 
The nitrate plus carbon treatment had a greater effect on observed denitrification 
potential than either nitrate or carbon individually (Fig. 3.2). Therefore from this point 
forward, the nitrate plus carbon treatment is referred to as the maximum denitrification 
potential rate. Even within the deepest section, 80 to 100 cm, denitrification potential with 
the nitrate plus carbon treatment from BC-1 Woody, BC-2, and IA-1 were greater than rates 
observed within the individual nitrate or carbon treatments in the top 0 to 20 cm section of 
the core. This was not the case for BC-1 Grass, where observed denitrification potential rates 
within both the individual nitrate and carbon treatments for 0 to 20 cm were greater than the 
80 to 100 cm nitrate plus carbon treatment.  
Regardless of the magnitude of the nitrate and carbon additions, Fig. 3.2 shows a 
large denitrification potential effect for all SRBs and all depths. BC-1 Grass, BC-1 Woody, 
and IA-1 had decreasing denitrification potential rates with depth, but only IA-1 had a 
significant difference between depths for this decrease. BC-2 had denitrification potential 
rates that differed significantly with depth, but the lowest rate occurred from 40 to 60 cm. 
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Each SRB, though varying in total rate of maximum denitrification potential, did have a 
response to the added nitrate and carbon substrate down to a meter.  
Comparison of Treatments Among SRBs 
Comparisons of denitrification potential among all SRBs by depth and treatment are 
shown in Fig. 3.3. BC-1 Grass and BC-1 Woody exhibited higher denitrification potential 
rates under control conditions for all depths except 80 to 100 cm, where BC-2 had the larger 
rate. Observed rates within BC-1 Grass were statistically higher than BC-2 and IA-1 from 20 
to 40 cm and 40 to 60 cm. Despite the large denitrification potential average for BC-2 from 
80 to 100 cm, it is not significantly greater than the other rates due to its large variance.  
Nitrate addition produced differences in denitrification potential across all SRBs in 
the top two soil depth sections (Fig. 3.3). From 0 to 20 cm, observed rates within both BC-1 
Grass and IA-1 were significantly greater than both BC-1 Woody and BC-2. This trend was 
different from the 0 to 20 cm control observations where rates were not significantly different 
among SRBs. From 20 to 40 cm, BC-1 Grass had a significantly greater denitrification 
potential compared to BC-2, but was not different from BC-1 Woody and IA-1. Once again, 
there were no differences between SRBs for nitrate additions from 40 to 100 cm. However, 
BC-2 did have less of a difference from the other SRBs from 80 to 100 with the nitrate 
addition.  
When analyzing the top three sections of the soil cores, the carbon addition had the 
greatest effect on denitrification potential within BC-1 Grass compared to the other SRBs 
(Fig. 3.3). With the carbon addition, rates within BC-1 Grass were statistically greater than 
IA-1 from 0 to 20 cm and 20 to 40 cm, and also statically greater than BC-1 Woody, BC-2, 
and IA-1 from 40 to 60 cm. There was no difference in denitrification potential among 
50 
 
buffers from 60 to 80 cm, but the BC-2 section from 80 to 100 cm was once again the largest 
denitrification potential for this depth, being statistically larger than BC-1 Woody and IA-1.  
 Supplying both the nitrate and carbon substrates resulted in BC-1 Grass and Woody 
exhibiting the largest denitrification potential rates from 0 to 80 cm (Fig. 3.3). Observed rates 
within BC-1 Grass were statistically higher than BC-2 from 20 to 80 cm. Though not 
statistically significant, observed rates within IA-1 were greater than BC-2 in the top portion 
of the core, from 0 to 60 cm. Variability in observed denitrification potential among SRBs 
with the nitrate plus carbon treatment decreases with depth, and all SRBs are not considered 
statistically different from 80 to 100 cm.  
Individual Amendment Effects on Maximum Denitrification Potential 
Due to the variability in maximum denitrification potential rate for each SRB the 
effects of the control, nitrate, or carbon treatments on this maximum rate were assessed in 
order to standardize the effect of each treatment among SRBs (Fig. 3.4). Since each effect 
was analyzed independently of each other, the total of each stacked bar does not equal 100%. 
However, it can be inferred that the greater the percentage of the total, the more that 
individual treatment contributed towards the maximum denitrification potential. Rates of 
denitrification potential within the controls represented from 0.4 to 4.6% of the total 
maximum denitrification potential for BC-1 Grass, 1.5 to 3.5% for BC-1 Woody, 0.2 to 7.8% 
for BC-2, and 0.1 to 2.8% for IA-1. These control effects were the smallest across each depth 
and SRB compared to any of the treatments. The effect on denitrification potential within the 
nitrate addition treatment varied by depth for each SRB, with the largest contribution 
observed within the surface of the soil from 0 to 20 cm for all SRBs except BC-1 Woody. 
The effect of nitrate addition on rates of denitrification potential within BC-1 Woody was 
greatest within the 20 to 40 cm soil depth. Observed percent total contribution of maximum 
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denitrification with nitrate addition declined in the subsurface (20 to 100 cm), especially for 
BC-2. Within IA-1, the effect of nitrate addition was also reduced in the subsurface soil, 
though the contribution from this treatment still made up the majority of the maximum 
denitrification potential when compared to the control or carbon treatments, except from 60 
to 80 cm.  
The effect of carbon addition on maximum denitrification within BC-1 Grass and BC-
2 exhibited an opposite trend than with nitrate addition (Fig. 3.4). The observed effect of 
carbon addition was smaller than the nitrate addition within surface soil, specifically 0 to 40 
cm for BC-1 Grass and 0 to 20 cm for BC-2. The percent carbon contribution for both of 
these SRBs accounted for the majority of the individual contributions in the subsurface. This 
was especially true for BC-2, where the carbon contribution accounted for between 54.1 and 
115.1% of the total maximum denitrification potential between 20 and 100 cm soil depth. 
Conversely, BC-1 Woody, except from 20 to 40 cm, and IA-1, except from 60 to 80 cm did 
not exhibit as great of a carbon contribution towards the total maximum denitrification rate in 
the subsurface soil. Percent carbon contributions were less than the nitrate contribution for all 
depths, except from 60 to 80 cm in IA-1.  
Temporal Effect On Subsurface Denitrification Potential 
Observed temporal variation in denitrification potential in 2016 within subsurface 
soils from 20 to 100 cm are shown in Fig. 3.5. Highest denitrification potentials were 
observed in late summer and early fall, specifically August 31st and October 20th 2016. This 
was especially the case for the maximum denitrification potential from each SRB. The 
control and carbon treatments from BC-1 Grass and BC-1 Woody followed this same pattern 
with lower spring and early summer values.  
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Nitrate addition resulted in an irregular pattern of denitrification potential rates when 
compared to the other treatments (Fig. 3.5). Focus on the effect of nitrate addition on 
denitrification potential may be most relevant in the spring into early summer, since this is 
when SRBs receive the greatest nitrate loads. During this time, the nitrate addition treatment 
accounted for an average of 15.7% of the total maximum denitrification rate for BC-1 Grass, 
18.7% for BC-1 Woody, 6.4% for BC-2, and 10.0% for IA-1. This infers that if there is 
sufficient tile drainage nitrate supplied to these SRBs, they can perform at between 6.4 and 
18.7% of their total maximum denitrification potential. This is an increase over the control’s 
average of 0.4 and 3.1% of the total maximum denitrification potential. The maximum nitrate 
amended denitrification potential rate occurred on August 31st for BC-1 Grass, October 20th 
for BC-1 Woody and BC-2, and July 20th for IA-1. The July and August dates are normally 
times when the tiles are not flowing due to the evapotranspiration of the corn and soybean 
crop being greater than precipitation. Thus, these highest denitrification potential rates may 
not be realized in a SRB during these times. The October 20th date for BC-1 Woody and BC-
2 may have tile flow in a typical year as this is usually during or after harvest when crop 
evapotranspiration is next to zero.  
Observed variability in denitrification potential with carbon addition were highest 
during the spring months when the tiles are usually flowing (Fig. 3.5). Percent of maximum 
denitrification potential with carbon addition within BC-1 Grass was 10.8%, while the 
average for BC-1 Woody was 1.6%, BC-2 was 75.9%, and IA-1 was 0.9%. BC-2 had the 
greatest carbon denitrification potential when related to the maximum denitrification 
potential. In fact, on May 4th, the observed rates with carbon addition had a higher 
denitrification potential rate than the maximum, possibly due to an increase in diverted 
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nitrate load and large microbial demand for carbon. Observed spring denitrification potential 
rates with carbon additions were lower than the maximum for each SRB, which occurred 
between late summer and late fall.  
Denitrification Potential and Temperature 
The relationship between maximum SRB denitrification potential and temperature is 
shown in Fig. 3.6. In general, lower temperatures resulted in a lower maximum 
denitrification potential for all SRBs. This was especially true for BC-2, which had the 
lowest rate for all temperatures except at 18°C. As the temperatures increased, so did the 
maximum denitrification potential rate and the difference among the SRBs. Rates decreased 
for all SRBs at 20°C, but increased again at the highest temperature of 23°C. This highest 
incubation temperature also provided the greatest difference in rates for each SRB. None of 
the exponential equations perfectly estimate the increase of denitrification potential rate with 
temperature (Table 3.1). However, the coefficient of determination for these best fit 
equations were 0.69 for BC-1 Grass, 0.71 for BC-1 Woody, 0.47 for BC-2, and 0.70 for IA-1, 
which was considered a good fit for a study measuring denitrification potential. Based on this 
relationship, the highest denitrification potential rates therefore could be achieved by BC-1 
Grass, followed by BC-1 Woody, IA-1, and finally BC-2.  
Discussion 
Saturated riparian buffers are a novel edge-of-field practice for reducing nitrate loss 
from artificial subsurface drainage.  Recent studies have reported percent removal of nitrate 
delivered to a SRB ranged from 8-84% (Jaynes and Isenhart, 2018).  These studies indicated 
that established perennial vegetation is important for optimum nitrate removal.  In a 
companion study, Groh et al. (2018) found that microbial denitrification accounted for 
between 4 and 77% of total nitrate removal within three SRBs, and that denitrification 
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increases with time since establishment of buffer vegetation.  Observed decline with 
denitrification rates with depth, and the positive correlation of buffer age with denitrification 
implied a potential carbon limitation.  This study utilized denitrification potential 
experiments to assess the role of carbon and/or nitrate on denitrification within three SRBs of 
different vegetation types and age since establishment. It was hypothesized that carbon 
limitation of denitrification will be greatest within SRBs with newly established vegetation. 
Carbon Limitation 
The three study sites differed in vegetative composition and age since establishment.  
BC-2, consisting of a native prairie mix, was established in fall 2015, concurrent with SRB 
installation. BC-1, with zones of trees and grasses, was established in 1995.  IA-1 was 
established in 2000 and was originally established to switchgrass but has transitioned to Reed 
Canary Grass. Our hypothesis was that potential denitrification rates within BC-2 would be 
lower, consistent with lower rates of intact denitrification reported in Groh et al. (2018), due 
to lower amounts of labile carbon from a history of growing corn and soybean row crops 
instead of perennial vegetation. Perennial vegetation can supply the soil with new carbon 
annually with root turnover (Corre et al., 1999; Guo and Gifford, 2002).  
Resources needed for denitrification include an anaerobic environment, denitrifying 
microbes, nitrate, and carbon. Since each soil sample in this study was saturated under the 
treatment solution with a 5% acetylene atmosphere, we assumed that each jar had similar 
anaerobic conditions during the incubations. Further, for this study we assumed that the 
denitrifying microbes were ubiquitous, similar to Groh et al. (2018). Therefore we tested for 
either a nitrate or carbon limitation by adding these treatments alone, and in combination and 
comparing the potential denitrification against the control for that soil. A statistically 
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significant response to the nitrate addition indicated that the soil had sufficient labile carbon 
to increase the potential denitrification rate with the addition of nitrate.  
Nitrate addition resulted in a significantly higher denitrification rate for every 0 to 20 
cm section in each SRB when compared to the control. This result indicates that the surface 
soils within the SRBs are not carbon limited, consistent with higher in situ denitrification rate 
within surface soils observed in Groh et al. (2018).  
Results from subsurface soil sections were less consistent. BC-1 had significant 
increases with nitrate addition within BC-1 Grass (60-80 cm) and BC-1 Woody (80-100 cm) 
soil sections, while significant increases in denitrification potential within IA-1 was observed 
at two subsurface depths, 20 to 40 cm and 40 to 60 cm. These findings indicated the potential 
of this SRB to remove nitrate when saturated with tile drainage water. Both of these SRBs 
removed a high percentage of the total nitrate via in situ denitrification in Groh et al. (2018). 
Specifically, BC-1 was able to remove an average of between 47.5 and 77.4%, and IA-1 
removed between 7.9 and 35.6%. The 7.9% removal by denitrification from IA-1 was likely 
a result of the dry conditions in 2016.  
No significant increase in potential denitrification was observed from adding nitrate 
within the 20 to 40 cm and 40 to 60 cm sections of BC-1 Grass, indicating a potential carbon 
limitation within these soils. In earlier studies within nearby, similar riparian buffers, grass 
roots were found to extend deep in the soil, with the majority of their biomass within surface 
soils (Jackson et al., 1996; Tufekcioglu et al., 1999; Zan et al., 2001). It was hypothesized 
that with high biomass and annual turnover that SRBs under grass vegetation would not be 
carbon limited, especially towards the surface of the soil. Our results may have been from a 
high nitrogen mineralization rate in these soil core sections. While acetylene does stop the 
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nitrification process (Sahrawat et al., 1987 and Keeney, 1986), if the soil has a large easily 
mineralizable nitrogen pool, the soil could provide the nitrate needed for elevated 
denitrification potential in the control between incubations. We did not measure nitrate 
concentrations during the incubations, but the significant increase in denitrification potential 
from carbon additions for BC-1 Grass from 20 to 60 cm indicates that there was sufficient 
soil nitrate. Therefore, the lack of significant response with nitrate additions for BC-1 Grass 
may be the result of elevated controls due to internal nitrate production.  
No significant increase is denitrification potential with nitrate addition was observed 
within BC-2. This was possibly due to carbon limitation and not high control levels as 
observed for BC-1 Grass as control rates were low for all subsurface depths except from 80 
to 100 cm. The average control denitrification potential rates for BC-2 depths from 20 to 80 
cm ranged from 0.9 to 1.4 mg NO3-N hr
-1 kg-1, while those for BC-1 Grass were between 3.3 
and 24.1 mg NO3-N hr
-1 kg-1 for the same depths. In addition, BC-2 had the highest nitrate 
loading rates from being saturated with tile drainage water. Specifically for 2016, BC-1 had a 
nitrate loading rate of 86 kg NO3-N ha
-1, while BC-2 had a loading rate of 1201 kg NO3-N 
ha-1 (Jaynes and Isenhart, 2018). IA-1 had a similar nitrate loading rate to BC-1 with 83 kg 
NO3-N ha
-1. The higher nitrate loading at BC-2 may have exacerbated the observed carbon 
limitation. A possible reason for the lack of significance from 80 to 100 cm could once again 
be due the elevated control rate. It remains unknown what caused this elevated control rate, 
but could possibly be due to a hotspot or hot moment caused by spots of increased 
denitrification potential (Parkin, 1987). Alluvial soils are known for spatial heterogeneity, 
and can vary more with depth due to previous stream meanders, various flooding events, and 
stream dredging and straightening with the extracted sediments being placed in the riparian 
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zone (Iqbal et al., 2005). This spatial heterogeneity could explain the lack of significance 
between the control and carbon addition for BC-2 from 80 to 100 cm. 
In addition to assessing the individual impacts of nitrate and carbon additions on 
potential denitrification, we also assessed changes with combined carbon and nitrogen 
addition (termed maximum denitrification potential). Each SRB was observed to have 
different maximum denitrification potential, and rates from individual additions of nitrate and 
carbon were compared to the maximum rate possible with combined additions. Most notably, 
BC-2 had significantly lower maximum denitrification potential rates from 20 to 80 cm when 
compared to BC-1 Grass, potentially due to the difference in buffer age and vegetation 
establishment. As observed with individual additions, nitrate addition alone accounted for the 
greatest proportion of the maximum denitrification potential from 0 to 20 cm soil depth 
within all SRBs (73% in BC-1 Grass, 61% in BC-1 Woody, 60% in BC-2, and 106% in IA-
1). These results indicate that there was sufficient carbon in the soil surface for nitrate 
addition alone to account for over half of the maximum denitrification rate.  
Results were inconsistent when comparing the effect of individual carbon or nitrate 
additions on maximum denitrification potential within subsurface soil sections. Rates of 
potential denitrification with nitrate addition for BC-1 Woody and IA-1 comprised a higher 
percentage of the total maximum when compared with the carbon additions, with the 
exception of the 60 to 80 cm section in IA-1. In general, nitrate availability, as opposed to 
carbon, was observed to limit maximum denitrification in these SRBs. In contrast, maximum 
denitrification in subsurface soils within BC-1 Grass and BC-2 were carbon limited. Once 
again, this may be the result of high nitrate loading rates from tile drainage at BC-2. The 
combination of a low potential denitrification control rate (< 0.5% of the total maximum rate 
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between 20 and 80 cm), and a large denitrification potential rate with carbon addition for BC-
2 suggests the potential for carbon limitations in newly established SRBs.  
Other Limitations to Denitrification 
Temperature 
Maximum potential denitrification rates were observed to increase with temperature 
for all SRBs over the range of incubation temperatures employed (Fig. 3.6). Maximum 
denitrification potential of most of the SRBs continued to increase up to 23˚C (the maximum 
temperature for this study), except for BC-2 which peaked at the 18˚C, possibly due to the 
sampling of a denitrification hotspot for that SRB. The greatest increase in denitrification 
potential for BC-1 Grass, BC-1 Woody, and IA-1 occurred between 18˚C and 23˚C, even 
though all SRBs suffered an inexplicable decrease in denitrification potential at 20˚C. This 
drop at 20˚C was the most significant for BC-1, which data points are overlain by IA-1 in 
Fig. 3.6. Response to temperature was greatest for BC-1 Grass, followed by BC-1 Woody, 
IA-1, and then finally BC-2.  
Soil characteristics 
The observed relationship between temperature and denitrification potential 
maximum rates among SRBs is similar to observed trends for in situ denitrification from 
Groh et al. (2018). The highest subsurface maximum denitrification potentials were observed 
in the older buffers, with BC-1 being 21 years since establishment (1995), IA-1 being 16 
years old (2000), and BC-2 being less than a year old (2015). Many studies have reported 
changes in soil properties over time with perennial plant conversion from traditional row 
crops. These studies note that the roots from perennial vegetation help to not only increase 
soil structure, but also act as sources of fresh soil carbon, easily available for microbial 
communities (Angers and Caron, 1998; Tolbert et al., 2002).  
59 
 
Previous research within the Bear Creek Watershed has documented many of the 
changes in soil properties potentially affecting denitrification following conversion of row-
crop land to perennial vegetation. Each of these studies assessed both multi-species riparian 
buffers (MSRBs) and a cool-season grass buffer, with soils mapped as the same Coland clay 
loam, approximately 4.8 kilometers downstream from BC-1 and BC-2. Tufekcioglu et al., 
1999 noticed a significantly greater amount of live fine root biomass under all perennial 
vegetation types when compared to corn and soybean. These fine roots from the buffer 
vegetation also had a greater carbon concentration than in roots of corn and soybean, thus 
having the ability to provide the soil with an even greater amount of carbon (Tufekcioglu et 
al., 2003). This input of carbon also increased the soil respiration rates under the buffer 
perennial vegetation (Tufekcioglu et al., 2000). These respiration rates are not only a 
measurement of increased microbial activity, but also an indication that more oxygen in the 
soil can be displaced by carbon dioxide to create anaerobic conditions more suitable for 
denitrification to occur (Spear, 2003). These roots can also bind soil particles together, thus 
increasing soil structure and aggregation. Márquez et al. (2004) assessed the change of water-
stable soil aggregates with time. The authors found no significant increase in riparian soil 
aggregation above row crop soil after the first 7 years of buffer establishment. However, after 
20 years of establishment, Long (2015) went back to the same sites and found a significant 
increase in water-stable soil aggregates under the perennial vegetation. With these results, we 
can infer that BC-1 and IA-1 are old enough buffers to have an increase in labile carbon, soil 
respiration, and soil aggregation. Therefore, the soils from these two SRBs could potentially 
have a greater amount of anaerobic hotspots with more substrate for denitrification as 
mentioned in Seech and Beauchamp (1988) and Beauchamp and Seech (1990).   
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In addition to creating anaerobic hotspots with increased soil aggregation, it was 
hypothesized that the denitrification community could be different enough with more robust 
denitrification gene expression within these soil aggregates. This may be the reason why total 
maximum denitrification rates were greatest in the oldest buffer even after the soil aggregates 
dissolved from shaking following the in situ denitrification incubation. Further microbial 
analysis from these buffers is needed to provided a framework for this hypothesis, but the 
enhanced total maximum denitrification rate from the older buffers could be a factor of 
denitrification enzyme expression. Denitrification enzymes need to be measured in future 
SRB denitrification work.   
Management Implications 
These changes in soil characteristics may have been the reason for the separation of 
maximum denitrification potential in Fig. 3.6. Regardless, the separation of maximum 
denitrification potential with increasing temperature may be used as a ground-truthing way to 
determine if a future SRB site will denitrify effectively. We further tested this hypothesis by 
analyzing a SRB from Jaynes and Isenhart (2018) that removed nitrate efficiently on its east 
side, but not on its west. This SRB, SH, was planted on similar soils to the three SRBs in this 
study, and had an average subsoil, 20-100cm, in situ denitrification rate of 3.36 mg NO3-N 
m-3 hr-1 on the east side, SHE, and 0.75 mg NO3 m
-3 hr-1 for the west, SHW. We followed the 
methods from this study and added the nitrate and carbon treatment to the soils and incubated 
at the average soil temperature for that day, 22˚C. The ending results were SHE lining up 
with BC-1 Woody and SHW with BC-2 (Fig. 3.7). The addition of nitrate and carbon seemed 
to be a good biogeochemical predictor for how well a SRB will remove nitrate through 
denitrification. BC-1 Woody and SHE had relatively high rates of in situ denitrification and 
lined up well in Fig. 3.7, while BC-2 and SHW had lower rates of in situ denitrification. 
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These best-fit lines may be a good denitrification predictor for future SRBs installed on 
similar soils in the Des Moines Lobe region of Central Iowa and Southern Minnesota. 
However, these curves should be developed more and tested further before being 
implemented on a large scale.  
Conclusions 
The BC-2 SRB, which had limited in situ denitrification in the previous study, did 
seem to have a significant response to carbon. BC-1 Grass also seemed to be limited by 
carbon, but this may be due to the higher control denitrification potential rates that the nitrate 
amendment was compared to and due to the potentially higher nitrogen mineralization. 
Additionally, temperature seemed to positively affect the average subsurface maximum 
denitrification potential rate for all SRBs. These average subsurface rates were stratified 
based on temperature with the oldest SRB, BC-1, having the largest increase with rising 
temperatures. Conversely, the youngest SRB, BC-2, had the lowest increase with 
temperatures. We hypothesized that SRB buffer age may be important for more reasons than 
just carbon additions. We suggest that soil aggregation and overall soil health may play an 
important part in maximum denitrification potential for SRBs. Finally, we proposed a 
biogeochemical ground truthing method for predicting a SRB’s success in removing nitrate 
through denitrification. After plotting the SH SRB, a SRB where the east end was removing 
nitrate well but the west end was not, we noticed that the east end matched up with BC-1 
rates and the west end matched up with BC-2 rates for their respective temperatures. This 
method may be beneficial to test riparian soils before installing SRBs on the Des Moines 
Lobe in Southern Minnesota and North-Central Iowa. 
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Tables 
Table 3.1 Exponential best fit equations and coefficients of determination for average 
subsurface maximum denitrification potentials from all Saturated Riparian Buffers. The 
variable X corresponds to temperature, and the Y variable is the total maximum 
denitrification possible with the best fit equation.  
Saturated Riparian 
Buffer 
Exponential Best Fit 
Equation 
Coefficient of 
Determination 
BC-1 Grass Y=154.85e(0.143x) 0.69 
BC-1 Woody Y=175.64e(0.132x) 0.71 
BC-2 Y=109.12e(0.1085x) 0.47 
IA-1 Y=201.08e(0.0993x) 0.70 
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Figures 
Figure 3.1 Average denitrification potential rates for amendments in 2016. The control, nitrate, and carbon treatments were compared 
to each other via ANOVA and Tukey posthoc analysis. 
 
 
 
Figure 3.2 Nitrate and carbon addition to the soil solutions for each SRB, compared by depth. 
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Figure 3.3 Comparison of each treatment between buffers at each depth. The statistics are analyzed within each depth range, and are 
not applied across depths. 
 
 
 
 
Figure 3.4 The percent of total maximum denitrification rate (combined N+C amendment) for individual N or C amendments and 
control. 
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Figure 3.5 Average subsurface denitrification potential rates for each amendment in each SRB over the 2016 sampling season. The 
percentages for each amendment as part of N+C are also included above each bar. Not all y-axes have the same scale, and should be 
read closely to avoid confusion.
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Figure 3.6 Average maximum denitrification potential from nitrate and carbon additions in 
the subsurface soil, 20-100 cm, for all SRBs over the temperature range of the incubations. 
The exponential best fit line was also placed on the graph to estimate maximum 
denitrification potential across temperatures.  
 
Figure 3.7 Average maximum denitrification potential from nitrate and carbon additions in 
the subsurface soil, 20 to 100 cm, for all SRBs over the temperature range of the incubations. 
The exponential best fit line was placed on the graph to estimate maximum denitrification 
potential across temperatures. Also included are the denitrification potentials from each side 
of the SH SRB that was able to effectively remove nitrate on the east side of the buffer but 
had less nitrate removal on the west side. 
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CHAPTER 4.    LONG-TERM NITRATE REMOVAL IN THREE RIPARIAN 
BUFFERS: 21 YEARS OF DATA FROM THE BEAR CREEK WATERSHED IN 
CENTRAL IOWA 
Modified from a manuscript to be submitted to the Journal of Environmental 
Management 
 
Tyler A. Groh1, Thomas M. Isenhart1, and Richard C. Schultz1 
 
Abstract 
Riparian buffers are a conservation practice to increase vegetation diversity on the 
agricultural landscape while providing environmental benefits. These systems can enhance 
wildlife habitat, increase carbon sequestration both above and below ground, reduce 
sediment in agricultural surface runoff, stabilize stream banks, and remove nutrients. This 
study specifically focuses on the ability of riparian buffers to remove nitrate from shallow 
groundwater. There are many studies that assessed nitrate removal within buffers, but not 
many have a long-term, continuous data set that can analyze for variation in nitrate removal 
rates over time. Here we reported on 21 years of nitrate well data, from 1996 through 2017, 
for three buffers in the Bear Creek watershed in central Iowa. Nitrate reduction increased 
significantly for two buffers, RS and ST, after 10 and 6 years of establishment respectively. 
The third buffer, RN, did not experience a nitrate removal increase with time, but instead had 
significant nitrate removal rates of 10.3 g NO3
--N m-1 day-1 from the start of this study. We 
hypothesize that past land management played a major role in the responses observed. RN 
had previously been established in cool-season grasses for grazing before being converted to 
a buffer, while RS and ST had been managed in a corn and soybean rotation. RN was thought 
to have higher denitrification immediately due to the soil carbon input and enhanced soil 
                                                 
1 Iowa State University Department of Natural Resource Ecology and Management, Ames IA 50011 
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aggregation due to the grassland perennials, while buffer establishment increased soil carbon 
inputs and soil aggregation over time for RS and ST. This study highlighted the importance 
of long-term data sets and the need to assess conservation practices over time to determine 
their longevity and efficiency with time.   
Keywords 
1. Riparian Buffer 
2. Nitrate Removal 
3. Water Quality  
4. Conservation Practice  
5. Long-Term Data 
Introduction 
Surface waters within watersheds of the Midwest dominated by corn-soybean 
production contain some of the highest loads of nonpoint source nitrate (NO3) in the nation 
(Jones et al. 2018, Villarini et al. 2016,).  These nitrate loads have potentially widespread 
impacts on both public health (Jones et al. 2016) and ecosystem function (Bertani 2016, 
Obenour et al. 2012).  Public regulatory agencies are responding to resulting issues such as 
hypoxia in the Gulf of Mexico and algal blooms in the Great Lakes by requesting that states 
develop strategies to reduce nutrient flux to receiving waters (e.g. 45% reduction in Nitrogen 
[N] and Phosphorus [P] flux to Gulf of Mexico [Mississippi River/Gulf of Mexico Watershed 
Nutrient Task Force 2008]) and establish nutrient criteria to protect local aquatic life 
(http://www.nutrientstrategy.iastate.edu/).   
One conservation practice promoted in all nutrient reduction strategies is the 
maintenance or re-establishment of perennial riparian vegetation (buffers).  Riparian buffers 
are a proven conservation technology for reducing the movement of sediment, phosphorus, 
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and nitrogen into surface waters when properly maintained (King, et al. 2016, Schultz et al. 
2004, Lee et al. 2000).  The United States Department of Agriculture has been very 
successful in inducing landowners to establish riparian buffers (filter strips or riparian forest 
buffers) within the United States for water quality improvement and other ecosystem 
services.  As evidence, as of January 2017, over 304,000 ha of riparian buffers are currently 
enrolled in the continuous signup of the Conservation Reserve Program in the states that 
make up the cornbelt (USDA FSA).   
It is well understood that nitrate concentrations in groundwater are often reduced 
within riparian zones of streams by a combination of plant uptake, microbial immobilization, 
and denitrification (e.g. Lowrance et al. 1992, Hill 1996, Clement et al. 2003). In a meta-
analysis by Mayer et al. (2007), the authors found that the vegetation type within a buffer 
does not necessarily affect nitrate removal. Rather, they found that buffer width was more 
important, with buffers greater than 50 meters in width removing around an average of 80% 
of the nitrate load entering the buffer. King et al. (2016) identified the importance of the 
length of time since establishment of buffer vegetation to increased groundwater dissolved 
organic carbon concentration and nitrate removal. However, it is important to note that 
almost all of these studies have been conducted within remnant riparian vegetation.  Few 
studies have been conducted within re-established riparian buffers or have assessed the 
change in nitrate loss with time since buffer establishment.  
Long-term research within the Bear Creek Watershed in Central Iowa has been 
assessing changes in soil and water quality within riparian buffers re-established on row-
cropped land (Schultz et al., 1995; Schultz et al. 2004). Buffer establishment has been shown 
to enhance carbon sequestration with both above and below ground biomass production. 
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Tufekcioglu et al. (2003) measured between 820 and 2960 kg C ha-1 yr-1 for switchgrass and 
poplar biomass accumulation respectively. Buffer vegetation was also shown to enhance soil 
aggregate formation, with Long (2015) and Márquez et al. (2017) documenting increased 
water-stable aggregates within riparian buffers. The combination of increased carbon and soil 
aggregation within riparian buffer soils was shown to increase water infiltration rates up to 5 
times that of a typical corn and soybean rotation crop field (Bharati et al., 2002). This 
research has also documented a reduction in nitrate concentrations within shallow ground 
water by 48-58% through cool season grass buffers and by 50-58% through multi-species 
buffers (Kim et al. 2009).  Wineland (2002) used geochemical profiles to estimate nitrate 
removal efficiencies across five buffer sites and calculated values of 93 to 99% removal at 
three sites and 25 to 30% at two other sites.  Variability in the nitrate removal efficiency was 
attributed to variable hydrogeology among sites (Simpkins et al. 2002, Wineland 2002). 
The objective of this study was to compare nitrate removal rates with time since 
establishment within three riparian buffers within the Bear Creek Watershed. These three 
buffers have sampling well transects to monitor water level and nitrate concentrations as 
shallow groundwater seeps from adjacent crop fields to Bear Creek. We assessed 21 years of 
data spanning from a few years after buffer establishment through 2017. Our hypothesis is 
that nitrate removal rates will increase with time as the riparian vegetation becomes 
established and enhances soil quality. 
Methods 
Site Description 
This study was conducted within three riparian buffers re-established on previously 
row-cropped land within the Bear Creek Watershed in Central Iowa, USA. Land use in the 
watershed is typical of the region, with the majority of the land in typical corn and soybean 
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production. The buffers assessed were all 90 m long by 20 m wide. The establishment and 
monitoring were conducted as part of a long-term research project to assess the effectiveness 
of riparian buffers to improve soil and water quality and provide other ecosystem services. 
Two buffers, RN and RS, were planted in 1990 on opposites sides of Bear Creek, a 
second order perennial stream.  These buffers were established on a Coland clay loam, a 
Fine-loamy, mixed, superactive, mesic Cumulic Endoauoll. RN was planted with brome 
grass (Bromus inermis Leysser), timothy (Phleum pretense L.), and fescue (Festuca sp.). A 
portion of the RN buffer nearest Bear Creek had established grasses that date back to at least 
1981 as confirmed by aerial photos from the Iowa Geographic Map Server (ISU GIS SSRF, 
2018). Prior to the 1990 planting, RN was used for cattle grazing. RS was established as a 
multi-species riparian buffer (MSRB) according to a design described in detail in Schultz et 
al. (2004). This forested riparian buffer was planted in three zones, with a 7.3 m wide zone of 
switchgrass (Panicum virgatum) established directly adjacent to the crop field. Next to the 
grass section was a 3.7 m wide area of shrubs planted in two rows. These shrubs consisted of 
redosier dogwood (Cornus sericea L.) and ninebark (Physocarpus opulifolius L.). The zone 
closest to Bear Creek was planted in hybrid poplar trees (Populus x euroamericana’ 
Eugenei), and was approximately 9 m wide. Prior to planting in 1990, RS was cultivated to 
the stream edge within a corn-soybean production system. The adjacent crop field was 
maintained in a corn-soybean rotation throughout the study period. 
A third buffer, ST, was established in 1994 as a MSRB with grass, shrubs, and trees 
in the same layout as RS. ST is located approximately 1 km upstream on Bear Creek from 
RN and RS, where the soil grades from a Coland clay loam, where all of the trees and most 
of the shrubs were planted, to a Storden loam, a Fine-loamy, mixed, superactive, mesic, 
76 
 
Typic Eutrudept, planted in warm season grasses. Switchgrass (Panicum virgatum), big 
bluestem (Andropogon gerardii), and Indian grass (Sorghathe nutans) were established 
within the warm-season grass portion of the buffer. Shrubs planted within ST included 
ninebark (Physocarpus opulifolius), redosier dogwood (Cornus serecia), gray dogwood 
(Cornus racemose), chokecherry (Prunus virginiana), nanking cherry (Prunus tomentosa), 
hazel (Corylus americana), and nannyberry (Viburnum lentago). Trees planted alongside the 
stream included willow (Salix spp.), poplar (Populus spp.), silver maple (Acer saccharinum 
L.), and green ash (Fraxinus pennsylvanica Marsh.). The majority of ST was cultivated for 
corn and soybean before planting. From 1996 through 2002, the crop field adjacent to ST 
was planted to a corn-soybean rotation. From 2003 to 2010, the field was planted to 
continuous corn. In 2010, the field was enrolled into the Conservation Reserve Program, and 
the field was planted with a native perennial prairie mix. 
Sampling Wells 
Groundwater sampling wells were installed in all three buffers in 1996 as described 
by Johnston (1998). A 15.24 cm outer diameter hollow stem auger attached to a drilling rig 
was used to install PVC wells that had 0.051 cm slots for the bottom 3 m. Well holes were 
back filled with silica sand on the outside of the screened portions and completed with 
bentonite chips on top to prevent surface water contamination. All wells were underlain by 
glacial till and St. Louis Formation shaly limestone near this 3 m depth. Both the till and 
limestone acted as confining layers that forced shallow groundwater towards the creek. In 
total 33 wells were used in this study to monitor hydraulic head and collect water samples. At 
RN, three transects of wells were installed parallel to groundwater flow from the field’s edge 
to Bear Creek. Each transect consisted of three wells equally spaced through the buffer and 
are described as the well closest to the field edge (Field Well), the well closest to Bear Creek 
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(Riverine Well), and the well in-between (Middle Well). Both RS and ST also had three 
transects of wells that ran parallel to groundwater flow. However, RS and ST had four wells 
in each transect that were spaced to intercept each of the vegetative areas between the field’s 
edge and Bear Creek. These transects consisted of a well in the warm season grasses by the 
field’s edge (Grass Well), a well just inside the shrub layer (Shrub Well), a well just inside 
the tree layer (Tree Well), and a well closest to Bear Creek (Riverine Well). Each well was 
surveyed to obtain elevation above sea level for the top of the well casing.  
In addition to the monitoring wells, stilling wells were also installed as described in 
Johnston (1998). These stilling wells were made from an L-shaped PVC pipe where the 
bottom of the pipe is exposed to the stream. The stilling wells were used to measure surface 
water elevation and to sample water within Bear Creek. There was only one stilling well per 
buffer, and similar to the wells, each stilling well was surveyed to obtain its elevation above 
sea level. 
Water Seepage 
Groundwater elevation within each well was measured monthly to bimonthly with a 
Solinst electric water level tape. The water table height for that well was calculated by 
subtracting the reading of the Solinst electric tape from the elevation above sea level for the 
top of well casing.  
The volume of seepage water for each sampling day was calculated using an 
adaptation of Darcy’s Law for saturated soil from Freeze and Cherry (1979) and Jury et al. 
(1991), used similarly to Larson et al. (2000) and Groh et al. (2015): 
K x A x i                        (1)  
This equation uses the apparent soil hydraulic conductivity (K), the effective seepage area 
(A), and hydraulic gradient (i). The apparent soil hydraulic conductivity was measured in 
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Johnston (1998) for all three sites via slug tests for each well. The geometric mean for each 
buffer was used as the representative hydraulic conductivity for that site. K values used were 
2 x 10-5 m s-1 (RN), 2 x 10-5 m s-1 (RS), and 3 x 10-5 m s-1 (ST). In order to calculate the 
effective seepage area, we measured the average depth of water from the Field and Grass 
Wells for each buffer, and subtracted this depth from the soil surface from an assumed 3 m 
depth to the confining layer. This saturated zone height was multiplied by the length of 
buffer, 90 m, to obtain a saturated zone cross sectional area, A. The hydraulic gradient for 
each buffer was then measured by first determining hydraulic head by subtracting the Bear 
Creek water level elevation from the average Field and Grass Well water elevation. During 
times when the Bear Creek stilling well was not assessable, the average Riverine Well water 
elevation was used in the hydraulic head calculation. The hydraulic head was then divided by 
the width of the buffers, 20 m, to calculate the hydraulic gradient, i. The seepage rate, 
measured in cubic meters per second, was calculated by multiplying these three variables 
together for each buffer and sampling date. The seepage rate was then scaled up to a volume 
per day to better compare long term trends in hydrology and nitrate load.  
Precipitation Data 
Monthly precipitation data from the Ames, IA airport, roughly 24.1 km away from 
the buffers, collected by Iowa State University’s Iowa Environmental Mesonet was 
downloaded and processed (ISU-IEM, 2018). These data are based on observations from the 
National Weather Service Cooperative Observer Program (NWS COOP) and maintained by 
Iowa State University.  
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Water Samples 
Nitrate 
Water samples from each buffer’s wells and stilling well were collected with a 
peristaltic pump monthly to bimonthly. Approximately 20 mL of these water samples were 
preserved with 20 µL of concentrated sulfuric acid. Nitrate-nitrogen was analyzed on an 
Agilent spectrophotometer using second derivative spectroscopy (Crumpton et al., 1992). 
Chloride 
Chloride concentration was measured because it is a conservative ion for measuring 
potential groundwater dilution and evapotranspiration between the Field and Grass Wells and 
the Riverine Wells (Berlin and Bourg, 1994). Water samples (40 mL) were collected for 
chloride analysis the same time as the nitrate samples. These 40 mL water samples were 
analyzed for chloride with a chloride ion selective electrode from 1996 until 2013. All 
chloride samples from 2013 until 2017 were analyzed on a Seal Analytical AQ2 using the 
mercuric thiocyanate method (US EPA method 325.2).   
Nitrate Load Calculations 
The mass of nitrate removed within the buffers on each sampling day was estimated 
by calculating nitrate loading into and out of the buffer system. The mass (kg) of nitrate 
entering each buffer was calculated by multiplying the average Grass or Field Well water 
nitrate concentration, in mg L-1, by the daily seepage rate, in L day-1. The same was done for 
nitrate leaving each buffer by multiplying the average Riverine Well water nitrate 
concentration by the daily seepage rate. The difference in these two loads was assumed to be 
the mass of nitrate removed on each sampling day.  
80 
 
Statistics 
Statistics were performed on R v. 3.0.2 (R Core Team). The nitrate removal data were 
non-normal using the Shapiro-Wilk test for normality, and therefore the Kruskal-Wallis 
nonparametric procedure with a Nemenyi test for posthoc analysis was used to determine 
significance, testing the median of each population. The alpha level used to test for 
significance was 0.05 unless otherwise stated.  
Results and Discussion 
Hydrology 
Seepage volume through the buffers on a given day fluctuated greatly throughout 
each sampling year (Fig. 4.1). The greatest seepage flow rates were usually in middle to late 
spring when precipitation was thought to exceed evapotranspiration within adjacent crop 
fields. This precipitation could therefore infiltrate into the crop field soil and move through 
the buffers via hydraulic head. The highest seepage rate for both RN and RS occurred on 
May 29th of 2004. This same date produced the second highest seepage rate for ST. In 
addition, all three buffers seemed to respond to large precipitation events, signaling a 
connection between the adjacent land and the shallow water table within each buffer. Though 
every buffer responded to precipitation events, they varied in the total seepage flow rate per 
day. RN generally had the highest seepage rates, followed by ST, and then RS. This trend can 
be clearly seen with the average yearly seepage rates.  
The highest average seepage rate per year within RN was 16.2 m3 day-1 in 2009, 
while the largest yearly average rates for ST and RN were 7.8 m3 day-1 in 2004 and 4.4 m3 
day-1 in 2007 (Fig. 4.1). These rates were similar to Larson et al. (2000) and Groh et al. 
(2015) who had similar hydraulic conductivities and calculations of seepage rates. While 
annual rates varied, the trend in average seepage rate among the three buffers was mostly 
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consistent. Seepage rates were lowest from 1999 through 2000 and during 2012, two periods 
that had lower amounts of precipitation. Overall, there was no drastic change in seepage rate 
over the 21-year sampling period.  
Groundwater Dilution 
Chloride concentration 
Chloride can be used as a conservative tracer in groundwater systems since it is not 
biologically active (Berlin and Bourg, 1994). Chloride concentrations over time within each 
buffer were compared to assess patterns based on the sampling well location (Fig. 4.2). 
While chloride concentrations varied with time, there was no clear difference among well 
positions in the buffer transects, allowing the use of chloride concentrations to assess 
groundwater dilution. However, since average chloride concentrations varied over time, 
groundwater dilution was assessed within multiple periods (Fig. 4.2).  
Chloride:nitrate ratios 
Comparison of chloride to nitrate ratios among wells within each buffer transect were 
separated out by the chloride concentration time periods (Fig. 4.3). Previous studies assessing 
groundwater dilution within riparian zones have used a 1:1 line, dilution models, and 
comparison of the source of the groundwater chloride to the chloride within the buffer 
(Altman and Parizek, 1995; Cey et al., 1999; Spear, 2003). In this study, we considered that a 
pattern of increasing chloride to nitrate ratio with a relatively stable chloride concentration 
indicated nitrate removal and not dilution, similar to Larson et al. (2000). The average 
Riverine Well chloride to nitrate ratio was always greater than the Grass Well for each 
chloride concentration time zone for all buffers (Fig. 4.3). This indicates that nitrate is being 
removed within the buffer and not diluted by an external source of water.  
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Nitrate Removal 
Nitrate concentrations 
For comparing long-term trends in nitrate removal through the buffers, the 21 years of 
data were divided up into approximately quarter time periods (Fig. 4.4). The average of 5 
years was considered robust to see general trends in nitrate removal without having year-to-
year variation. Within RN, the cool-season grass buffer, there was a consistent pattern of 
significant nitrate concentration reduction between the Field and Riverine Well for all time 
periods. The greatest nitrate reduction was observed from 2012 through 2017, where the 
average reduction in concentration was 7.5 mg NO3-N L
-1. The lowest nitrate concentration 
reduction was observed from 2006 through 2011, where the average reduction was 5.0 mg 
NO3-N L
-1. There was no statistical difference in nitrate concentration reduction between 
Field and Riverine Wells within this buffer between any time periods (P>0.1).  
Differences in nitrate removal over the study period were observed within RS, a 
multi-species riparian buffer. No statistically significant reduction in concentration between 
the Grass and Riverine Wells was observed during the first quarter, from 1996 to 2000. The 
next period, from 2001 to 2005, saw an average decrease of 1.7 mg NO3-N L
-1, which was 
statistically significant. The nitrate concentration difference continued to increase for the next 
two time periods, where each time period had an average decrease of roughly 3 mg NO3-N L
-
1. The nitrate concentration reduction in each time period from 2001 through 2017 was 
statistically greater than from 1996 through 2000 (P<0.001).  
A similar pattern was observed within ST, also a multi-species riparian buffer, where 
there was an increase in nitrate concentration reduction within the buffer over time. Average 
nitrate concentration between the Grass and Riverine Wells decreased by 5.9 mg NO3-N L
-1 
through the first quarter from 1996 to 2000. The next two time periods had much greater 
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reductions of 16.1 mg NO3-N L
-1 between 2001 and 2005 and 13.2 mg NO3-N L
-1 between 
2006 and 2009. This increase in nitrate reduction with time was statistically significant 
(P<0.031). The next two time periods for ST were influenced by the conversion of the 
adjacent row crop field to a perennial planting. After the planting of perennials in 2010, the 
Grass Well’s nitrate concentration dropped from an average of 19.8 mg NO3-N L-1 to an 
average of 4.1 mg NO3-N L
-1 from 2010 to 2013 and 1.3 mg NO3-N L
-1 from 2014 to 2017. 
Though the Grass Well average nitrate concentration was greatly reduced during this time, 
there were still significant nitrate reductions within ST. Nitrate concentrations within the 
Riverine Well from 2014 to 2017 averaged 0.3 mg NO3-N L
-1, near the detection limit of the 
analytical method. 
Observed nitrate concentration reduction magnitudes from all three buffers are similar 
to those reported in a meta-analysis by Lowrance et al. (1997). The authors looked at nitrate 
removal within coastal plain riparian forests, and hydrogeological constraints on riparian 
buffers for reduction of diffuse pollution. They reported decreases in nitrate concentration 
anywhere from 4 to 10 mg NO3-N L
-1. In addition to the reported nitrate concentration 
decrease with distance from field, these authors sometimes observed a slight increase 
between the 10 m and 20 m distance. A similar pattern was sometimes observed in our study, 
where there was higher nitrate concentrations in intermediate wells within RN from 1996 to 
2000, RS for all years except from 2006 to 2011, and ST from 1996 to 2000 (Fig 4.4). This 
could be due to internal nitrate production due to mineralization or variability in groundwater 
flow paths within the buffers. However, in all cases, the average nitrate concentration leaving 
the buffers for each time period was always lower than that of the incoming water.  
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Nitrate loads 
Nitrate load reduction per meter width of buffer for each buffer was assessed for each 
sample year (Fig. 4.5). For RN, the greatest nitrate load reduction, 10.3 g NO3-N m
-1 day-1, 
was observed during the first year of the study. Load reductions were variable, and tended to 
follow patterns in precipitation, and hence seepage flow.  Overall, the average nitrate load 
removal over time within RN, reported in Fig. 4.5 as the five year running average, increased 
slightly from 3.5 g NO3-N m
-1 day-1 to 4.4 g NO3-N m
-1 day-1.  
Observed patterns in nitrate load were different in RS. Nitrate load reduction was 
negative for three out of the first six years. This negative nitrate removal most likely came 
from an internal production of nitrate and not bank storage from Bear Creek. In order for 
Bear Creek to seep nitrate back into the buffer, the stilling well elevation for those days 
would have to be higher than the groundwater elevation, the nitrate concentration in the 
Stilling Well would have to be greater than the average for the Riverine Wells, and there 
would have to be similar chloride concentrations between the Stilling Well and the Riverine 
Wells. None of these observations occurred during the periods of negative nitrate load 
reduction. It is more probable that mineralization was the source of this observation (Hefting 
et al., 2005). In addition, Pickle (1999) measured nitrogen limitation in the switchgrass 
portion of RS after establishment and observed that nitrate leaching from the crop field had a 
chance to be immobilized in this region due to this limitation. Immobilization does not 
permanently remove nitrate, and nitrogen could be mineralized and nitrified providing an 
internal source of nitrate. Nitrate load removal rates within RS peaked in 2010 at 1.13 g NO3-
N m-1 day-1. The five year running average for RS also increased to its maximum in 2011.  
Average nitrate load removal rates also increased with time for ST. The maximum 
running average for the buffer peaked in 2007 (5.6 g NO3-N m
-1 day-1), just before the 
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conversion of the field to perennial vegetation in 2010. This conversion is the reason for the 
bell-shaped curve over the 21 year study. ST had a similar range of nitrate load removal rates 
when compared to RN.  
Nitrate removal efficiency 
Nitrate removal efficiency for each buffer, measured as percent removal, was 
analyzed for each time period of the 21 sampling years (Fig. 4.6). Once again, there was a 
reoccurring trend in RN not having significant differences between the 1996 through 2000 
time period and the other periods later in the study. Though RN had an average of 8.4% 
nitrate removal from 1996 through 2000 and increased to 55.4% from 2001 to 2005, this 
increase was not significant due to the high variability in observed removal in the first time 
period. RS on the other hand had a negative percent nitrate removal from 1996 through 2000, 
which increased significantly to 47.5%. Nitrate removal efficiency within RS was also 
consistently lower compared to RN and ST.  
Nitrate removal and seepage rate 
Both denitrification and vegetative uptake of nitrate, two potential nitrate removal 
processes within buffers, are impacted by hydraulic residence time. Nitrate removal studies, 
many focused on bioreactors, have pointed to a longer hydraulic residence time as being 
important to achieve high nitrate removal efficiencies (Greenan et al., 2009;). Hydraulic 
residence time vary with groundwater seepage rates within riparian buffers. A higher rate of 
seepage would shorten the hydraulic residence time, while a lower seepage rate would 
increase the hydraulic residence time. To assess changes in nitrate removal over time in these 
buffers, we compared the nitrate removal rate and efficiency over the buffer’s seepage rates 
and separated the data by time period (Fig. 4.7). It was hypothesized that a higher seepage 
rate, and therefore shorter hydraulic residence time, would minimize nitrate removal 
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efficiency. However, this was not the case as all buffers, regardless of time period, increased 
in nitrate removal efficiency and removal rate with increased seepage rate. One explanation 
may be that the hydraulic conductivity for the buffers is low enough to not allow high enough 
seepage rates to limit nitrate removal. Rather, the higher seepage rates potentially provide 
additional nitrate to enhance denitrification and vegetation uptake. While not significant, 
nitrate removal rates and efficiencies increased with age since buffer establishment, 
especially with increased seepage rates.  
Nitrate removal with time 
This study assessed nitrate removal within shallow groundwater over 21 years of data 
collection for riparian buffers re-established on previously row-cropped land. Two of the 
buffers, RS and ST showed increased nitrate removal capacity over time, specifically after 
the first five years of this study, which was 10 years after buffer establishment for RS and 6 
years after buffer establishment for ST. Both vegetation uptake and microbial denitrification, 
the conversion of nitrate to either dinitrogen gas or nitrous oxide, could be important nitrate 
removal pathways for these buffers (Spear, 2003).  
Tufekcioglu et al. (1999), assessed root distribution and density at two of these buffer 
sites and observed that roots within the buffer extended deep enough to reach the water table. 
As we measured nitrate in shallow groundwater, direct plant uptake is not considered to be an 
important sink for the observed nitrate loss. However, these authors did report that buffer 
vegetation, regardless of zone, had substantially more live fine root biomass than the corn 
and soybean field. This increased belowground biomass is a potentially important source of 
carbon addition to the soil under the riparian vegetation. These carbon additions increase soil 
organic carbon within the buffers, as has been reported by Márquez et al. (2017), who 
reported that soil under the switchgrass zone of these buffers gained 0.81 mg C g-1 of 
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organic carbon over the first 7 years since establishment. Such increases in carbon and roots 
can act as agents to increase soil aggregation (Márquez et al., 2004; Long, 2015; Márquez et 
al., 2017). Márquez et al. (2004) noted that increases in soil aggregation under the buffers 
were not significant after the first 7 years of establishment when compared to the cropland. 
However, Long (2015) resampled the sites after 20 years of establishment and found a 
significant increase in water-stable aggregates and aggregate mean weight diameter. Finally, 
the increased soil organic carbon and aggregation can lead to increased microbial biomass, as 
measured by Pickle (1999). This was especially true in the soil under the poplar and cool-
season grasses, where there was a lower C:N. Increases in soil carbon, aggregation, and 
microbial biomass can lead to increased denitrification within the buffers, and could be the 
driver of the greater nitrate removal over times observed in this study (Seech and 
Beauchamp, 1988; Beauchamp and Seech, 1990). Further, it is hypothesized that RN did not 
see a statistically significant increase in nitrate removal between the first and second five 
year period due to the grazing and previous cool-season grass establishment history this land 
had before being converted to a buffer.  
Spear (2003), in reporting trends in groundwater nitrate in these same systems for 
some of the earliest years, stated that denitrification may play an important role in the 
removal of nitrate from these systems due to the observation of redoximorphic features 
around the water table. These redoximorphic features indicate a fluctuation of oxidation and 
reduction reactions, indicating at least a temporal absence of oxygen, needed for 
denitrification. Spear (2003) also observed a decrease of nitrate, low dissolved oxygen levels, 
the presence of DOC as a carbon source, and the presence of dissolved nitrous oxide as a 
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denitrification byproduct in the buffer wells. All of these observations point to denitrification 
as a potentially important sink for nitrate within the buffers.  
Johnson (2003) assessed the denitrification potential rates within these buffers from 
2001 to 2002. The author used the Denitrifier Enzyme Activity (DEA) acetylene block 
technique by adding nitrate and glucose to the soil both together and separate to determine 
limitations in denitrification potential compared to a control. The results indicated that the 
surface soil horizons had the highest DEA regardless of amendment or control. Rates 
decreased with depth, but still averaged about 40 ng-N g-1 day-1 for the control at the depth 
where mottling occurred. This depth was also assumed to be the saturated zone, and the zone 
where the bulk of the nitrate removal occurred. When scaled up using the average saturated 
depth from this study, an average bulk density of 1.33 g cm-3, and a buffer surface area of 
1,800 m2, it is estimated that there would be the potential to denitrify an average of 0.15 kg 
day-1. While a rough calculation, this indicates that denitrification could be a main pathway 
for nitrate removal in these riparian buffers.  
Denitrification rates could potentially increase with time as the buffers become more 
established, and have increased carbon inputs and increase soil aggregation (Seech and 
Beauchamp, 1988). One hypothesis for why RN did not experience the increased nitrate 
removal is due to past land management for the buffer. This buffer had cool-season grasses 
for cattle grazing. It is possible that this buffer already had elevated carbon inputs and 
enhanced soil aggregation, and therefore elevated nitrate removal from the beginning of the 
study. Based on the results of increased nitrate reduction after 10 and 7 years of buffer 
establishment for RS and ST respectively, this study emphasizes the importance of long-term 
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data sets for determining conservation practice effectiveness and to be able to observe the 
effects with land use changes.  
Conclusions 
Nitrate removal within all three buffers varied with time.  Nitrate removal within RN, 
a cool-season grass buffer, stayed relatively constant over time, but varied greatly by year 
depending on seepage rate, specifically with the dry years. This constant nitrate removal was 
thought to be due to past management practices for the buffer since it was an established 
cool-season field used for cattle grazing. RS, a multi-species buffer, had higher nitrate 
removal capacity after the first five years of study, which was 10 years after buffer 
establishment. Nitrate concentration reduction, nitrate load removal, and nitrate removal 
efficiency were all statistically greater for RS in the second 5 year period when compared to 
the first 5 years of the study. RS also had a much lower nitrate load removal when compared 
to the other buffers due to lower seepage rates. ST, also a multi-species buffer, did see an 
increase in nitrate concentration reduction and load removal with time, but its overall 
removal efficiency stayed the same. This buffer also experienced reduced nitrate loading 
rates after 2010 due to the change of up-gradient land management from corn and soybean 
rotation to perennial plant coverage. All buffers saw increased nitrate removal with increased 
seepage rates due to higher nitrate loading for vegetation uptake and denitrification. This 
study emphasizes the importance of long-term data sets in analyzing the effectiveness of 
conservation practices. RS and ST took roughly 6 to 10 years after establishment to show 
enhanced nitrate removal. 
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Figures 
 
Figure 4.1 Precipitation and water seepage for each sampling day. Yearly seepage averages 
are shown in red.  
91 
 
 
Figure 4.2 Average well chloride concentrations over time. Letters indicate times when 
chloride concentrations shifted over time, called chloride time zones. 
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Figure 4.3 Average chloride to nitrate ratios for the chloride time zones from Fig. 1 for all well transects in all three buffers.  
 
 
 
Figure 4.4 Average nitrate concentrations in each well transect over time, separated into periods. 
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Figure 4.5 Yearly average nitrate mass removal rates per width of buffer (m) as well as the 
five year running average for each buffer. 
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Figure 4.6 Average nitrate removal efficiency, measured as percent nitrate removal, over time for each buffer.  
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Figure 4.7 Nitrate removal, both percent and mass per day, related to the buffer’s seepage rate and separated into time periods over 
this study for all buffers. 
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CHAPTER 5.    GENERAL CONCLUSIONS 
Nitrate leaching from agricultural fields in the Midwest Corn Belt is an environmental 
issue that affects both local drinking water sources and the hypoxic zone in the Gulf of 
Mexico. The combination of nitrogen fertilizer application before the crop needs fertilizer 
and installation of tile drainage exacerbate this problem. These management practices lead to 
large nitrate loading to lotic systems across the Midwest, especially observed in the spring. 
Riparian buffers are an edge-of-field conservation practice shown to have high nitrate 
removal efficiencies when nitrate-rich groundwater seeps through. Little was known about 
how these efficiencies vary over time prior to this dissertation. However, since much of 
stream nitrate loading in the Midwest comes from tile drainage water, and this water 
bypasses the hydrology of riparian buffers, traditional buffers by themselves cannot reduce 
the majority of nitrate leaching. Saturated riparian buffers, SRBs, were created to solve this 
issue. These buffers intercept tile drainage water via a control box and a lateral distribution 
tile, which allows the tile water to seep slowly through a buffer’s soil to the adjacent stream. 
Studies have shown that SRBs are able to remove nitrate, but the mechanism of removal was 
not studied prior to this dissertation.  
Chapter 2 sought to determine the amount of nitrate removed via in situ 
denitrification. This study used the static core acetylene inhibition method for three SRBs in 
central Iowa. Between 3.7 and 77.3% of the total nitrate removed from the SRBs occurred 
via denitrification based on cumulative average denitrification rates. Addition, the upper 90% 
confidence interval limit was large enough to account for all nitrate removal in the SRBs 
with established vegetation. The range in total cumulative denitrification appeared to depend 
on buffer vegetation establishment, with BC-2—the youngest buffer and one that had lower 
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denitrification rates. Temperature and saturation status alone did not significantly affect the 
denitrification rates, but these two variables’ interaction may be significant. Overall, 
limitations with denitrification substrate were hypothesized. Roughly 10% of BC-1 and IA-1 
core sections were calculated to be limited by nitrate via mass balance calculations, which 
may have underestimated the total amount of nitrate removed via denitrification in this study. 
Also, the combination of decreasing denitrification with depth and the fact that BC-2, a 
newly planted buffer, had much lower denitrification rates hinted at a potential carbon 
limitation.  
Chapter 3 investigated this potential carbon limitation. The study used a 
denitrification potential experiment where nitrate and carbon were added both separately and 
together to compare the effects of each treatment to a control. At first, both BC-1 Grass and 
BC-2 appeared to have a carbon limitation. Upon further analysis, BC-1 Grass may not have 
shown a significant response to the nitrate treatment due to elevated control rates. Therefore, 
the elevated control was the reason for this lack of response, and not a carbon limitation. 
Comparatively, BC-2 had a much lower control denitrification potential rate than BC-1 
Grass, and failed to show a significant response to the nitrate treatment. Therefore, BC-2 was 
considered carbon limited. This was further confirmed when the carbon treatment for BC-2 
made up the majority, between 54.1 and 115.1%, of the total maximum denitrification 
potential rate. The maximum denitrification potential rates were greatest for BC-1 Grass, 
followed by BC-1 Woody, IA-1, and BC-2 across all incubation temperatures. This indicated 
that soil properties due to vegetation establishment excluding increased carbon additions 
positively affects denitrification potential rates. One such soil property hypothesized to help 
increase denitrification was soil aggregation. Soil aggregation, which has been shown to 
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increase with a buffer’s vegetation establishment, can lead to increased anaerobic microsites, 
and therefore more hotspots for elevated denitrification. Beyond increased hotspots, the 
increased aggregation could have created more robust denitrification communities to enhance 
denitrification rates even when soil is disaggregated, similarly to the slurry created in this 
experiment. Additionally, the separation of maximum denitrification potential with 
temperature between buffers of varying establishment may be used as a ground truthing 
method for future SRB site locations. This hypothesis was tested by analyzing the SH SRB’s 
east, SHE, and west, SHW, side. SHE had greater in-field nitrate removal rates, and its 
maximum denitrification potential lined up with BC-1 Woody. SHW showed limited nitrate 
removal capabilities, and its maximum denitrification potential lined up with BC-2. This 
ground truthing process shows promise, but needs further investigation before being 
implemented further.  
Chapter 4 centered on the knowledge gap with potential changes in long-term nitrate 
removal efficiencies for riparian buffers. This study used a 21-year data set from sampling 
wells in three riparian buffers in the Bear Creek watershed. The two multi-species riparian 
buffers, MSRBs, had an increase in nitrate removal after 10 years of vegetation establishment 
for RS and 6 years of vegetation establishment for ST. The third buffer, RN, was a cool-
season grass filter strip and did not see an increase in nitrate removal with time. Rather, RN 
had elevated nitrate removal rates from the start of the study. It was hypothesized that the 
difference in nitrate removal efficiency change between RN and both RS and ST involved the 
previous land management for each site. Both RS and ST were originally planted in corn and 
soybean row crop production, while RN was part of a cool-season grass pasture since at least 
1981. The increase in nitrate removal observed for RS and ST were most likely due to 
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increases in labile carbon and soil aggregation after the establishment of vegetation. It can 
therefore be assumed that it takes 6 to 10 years after vegetation establishment for riparian 
soils on the Des Moines lobe to exhibit their near full potential in nitrate removal. RN, on the 
other hand, most likely had elevated nitrate removal capabilities from the beginning of the 
study due to its perennial vegetation history. All three buffers were able to remove more 
nitrate in wetter years with increased seepage rates. This was most likely due to substrate 
availability with the increased seepage rates. Chapter 4’s research highlighted the importance 
of long-term data sets, especially when studying conservation practices’ effectiveness.  
In conclusion, this dissertation has land management implications. The results 
indicate that SRBs will remove more nitrate if installed in a previously established buffer. 
This is not to say that new buffers should not be planted to provide a site for a new SRB. 
Rather, land managers and researchers who make decisions based on the first few years of 
nitrate removal data should do so with extreme care. The removal rates within the first few 
years of vegetation establishment may be significantly lower than 5 to 10 years later. In 
addition, even though the ground truthing method presented in chapter 3 needs further 
investigation before being implemented on a large scale, it may be able to help land 
managers find areas that will be able to remove nitrate efficiently from the start of saturation. 
This may be particularly useful if there is more than one site option for a new SRB. Finally, 
this dissertation would not be able to highlight these trends without the availability of long-
term data sets and conservation practices on property of willing landowners. Therefore, 
maintaining good relationships with landowners who are implementing conservation 
practices is imperative. Long-term data sets would also not be available without the generous 
support of funding agencies. Future emphasis must be placed on continuing data collection 
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from the multitude of conservation practices if we want to be able to make educated 
management decisions to improve water quality for future generations.  
